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ABSTRACT
Chem ically sk inned  single fibres from soleus (slow) and  ten so r 
fascia latae (fast) m uscles of the  euthyroid ra t  and  guinea-pig generated 
m axim al isom etric tensions in a  narrow  range of 125 -  150 kN /m 2 a t a 
tem perature of 25 °C and a  sarcom ere length of 2.75 \x m .
The m axim um  velocity of shorten ing  (Vmax) of the  ten so r fascia 
latae  (TFL) m uscle fibres from the euthyroid ra t  (12.35 ± 0.95 LqS-i -  Fibre 
lengths per second) and  guinea-pig (9.93 ± 1 .1 4  LoS“i) were 2-3 fold higher (p < 
0 .05 , unpaired t-test) as  com pared to the  so leus m uscle  fibres of the 
eu th y ro id  r a t  (5.61 ± 0 .5 4  LqS-I) a n d  gu inea-p ig  (3.92 ± 0 .35  LqS-I) 
respectively. This w as consisten t w ith previous (e.g. Reiser et al., 1985a, 
b) resu lts  on slow and  fast m uscle fibres.
Storing bund les of soleus or TFL m uscle fibres from euthyroid ra ts  
and  guinea-pigs for sh o rt (weeks) or long term  (m onths) resu lted  in 
sign ifican t (P < 0 .05 , unpaired t-test) reduc tions in  b o th  the  m axim um  
isom etric tension  (Pq) and Vmax of stored single fibres in  com parison to 
fresh single fibres. Therefore, all subsequen t experim ents were done using 
fresh single fibres.
The m axim um  isom etric tension of chemically skinned single fibres 
from the  so leus of mildly hyperthyroid anim als (rats), w as lower th a n  
th a t  generated  by equivalent fibres from mildly hypothyroid an im als 
(127.12 ± 5.87 lrN/m2 vs. 169.02 ± 6.62 kN/m2, p < 0.05, unpaired t-test). There was a  
corresponding reduction  in tension  production in TFL fibres com paring 
hyperthyroid with hypothyroid anim als (121.30 ± 6.80 kN/m2 vs. 142.73 ± 6.38  
kN/ni2, p < 0.05).
On the o ther hand , Vmax of single fibres from soleus m uscles of 
hyperthyroid ra ts  w as h igher th a n  the  hypothyroid co un te rparts  (6.58 ±
V
0.32 LqS‘1 v s . 5.52 ± 0.27 LgS'l, P < 0.05. unpaired t-test). Similarly, Vmax of 
hyperthyroid s in g le  TFL fibres w as higher th an  the hypothyroid  
counterparts (i3.8i ± 0.50 LqS"! v s . ii.18  ± 0.65 LqS’I, p < 0.05).
These differences betw een the hyper- and hypothyroid resu lts -  
w ithin each m uscle type -  were observed in the sam e type of fibre as  
identified histochem ically. These were the slow oxidative (SO) fibre type 
from the so leu s and the fast glycolytic (FG) fibre type from the TFL 
m uscles. It is postulated that the differences in Pq and Vmax were due to 
alterations in the isoforms of the m yosin m olecule and more specifically 
to the m yosin light chains.
Mild dysthyreosis show ed that single m uscle fibres of the sam e  
h istochem ical type can generate heterogeneous ten sio n /p C a  (T/pCa) 
relationships. For example, the hyperthyroid soleus m uscle fibres showed  
a steeper (mil coefficient, n = 1.73 ± O.IO) T /p C a relationship  w hich w as  
shifted to the right w ith respect to the hypothyroid so leus (n = 1.54 ± 0.15) 
m uscle fibres. The hyperthyroid TFL m uscle fibres show ed a steeper (n = 
2.44 ± 0.28) T /pC a relationship w hich w as shifted to the left with respect 
to the hypothyroid TFL (n = 1.99 ± 0. lO) m uscle fibres.
Acidic pH (pH 6.6) reduced m axim um  isom etric tension  relative to 
pH 7 .0  in all four experim ental groups (i.e., hyper- and hypothyroid  
soleus and hyper- and hypothyroid TFL m uscle fibres) by 2 i -  36%, P < 0.05, 
paired t-test. Similarly, Vmax at pH 6 .6  relative to pH 7 .0  w as also reduced  
in all four experimental groups by 33 -  40%, ? < 0.05, paired t-test.
The T /pC a relationship at pH 6.6, w as steeper and shifted to the 
right with respect to pH 7.0 in both hyper- (Hill coefficient, n =  1.73 ±0.10 vs. n 
= 2.95 ± 0.43, P < 0.005, unpaired t-test) and hypothyroid (n = 1.54 ± 0.15 vs. n = 
2.31 ± 0.38, p < 0.05) soleus m uscle fibres.
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For both  the hyper- and hypothyroid TFL m uscle fibres, the T /p C a  
relationship  w as shifted to the  left a t pH 6.6 w ith respect to pH 7.0. The 
hyperthyroid TFL m uscle fibres generated a  sheillower T /p C a  relationship 
a t pH 6.6 with respect to pH 7.0 (n = 2.01 ± 0.39 vs. n = 2.44 + 0.28 respectively). 
W hereas, the  hypothyroid  TFL m uscle  fibres h ad  a  s teep e r T /p C a  
relationship  a t pH 6.6 w ith respect to pH 7.0 (n = 2.26 ± 0.29 vs. n = 1.99 ±
0.10 respectively), although the  values were no t significantly different.
At increased  inorganic phosphate  (Pi) concen tra tion  (7.5mM) the 
m axim um  isom etric  ten s io n  w as slightly  reduced , relative to a  Pi 
concentration of O.OmM, in all four experim ental groups (i.e., hyper- and 
hypothyroid soleus and hyper- and  hypothyroid TFL m uscle fibres) by i -  
12%, P < 0.05 paired t-test, for the two hypothyroid groups only. On the other hand, 
Vmax w as relatively unchanged a t 7.5mM Pi w ith respect to O.OmM Pi.
At 7.5mM Pi, the  T /pC a  relationship was steeper and shifted to the 
right w ith respect to O.OmM Pi, in  bo th  hyper- (n = 1.73 ± 0 .10 vs. n  = 2.87 ± 
0.13, P < 0.005, unpaired t-test) and hypothyroid (n = 1.54 ± 0.15 vs. n = 2.54 + 0.41, 
p < 0.05) soleus m uscle fibres.
Similarly, a t 7.5mM Pi, the  T /p C a  rela tionship  w as steeper and  
shifted to the right with respect to O.OmM Pi, in both  hyper- (n = 2.44 ± 0.28  
vs. n  = 2.99 ± 0.19) and hypothyroid (n = 1.99 ± 0. lO vs. n = 3.22 ± 0.13, P < 0.005, 
unpaired t-test) TFL m uscle fibres.
The rightw ard sh ift in  the  T /p C a  rela tionsh ip  w as larger in  the 
soleus th a n  TFL m uscle fibres, suggesting the former are more sensitive 
to increased inorganic phosphate  concentration th a n  the  latter.
On the  whole m uscle level (within each  m uscle type), the  Mg2+ 
activated Ca2+ regulated myofibrillar ATPase activity w as higher in hyper- 
th an  hypothyroid soleus m uscles (0.176 ± 0.016 vs. 0.097 ± 0.009 pmoles of Pi/mg 
of protein/min, P < 0.05, unpaired t-test). Similarly, for the TFL m uscles, the
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Mg2+ activated Ca2+ regulated myofibrillar ATPase activity w as higher in 
hyper- than hypothyroid animals (0.418 ± 0.037 vs. 0.359 ± 0.039 inmoles of Pi/mg 
of protein/min).
In soleus m uscles, th is corresponded to a higher percentage (32.96 ± 
4.54) of fast oxidative glycolytic (FOG) fibres in the hyperthyroid state  
and conversely a higher percentage (89.03 ± 2.60) of slow  oxidative (SO) 
fibres in  the hypothyroid state. In the TFL m uscles, th is corresponded to 
higher percentage (85.89 ± 1.62) of fast glycolytic (FG) fibres in the  
hyperthyroid state and conversely a higher percentage (20 .2 3  ± 2 .3 1 ) of 
FOG fibres in the hypothyroid state.
C o llec tiv e ly  th e se  d a ta  s u g g e s t  th a t  m ild  h yp o- and  
hyperthyroidism  changes the dynam ic equilibrium  of the myofibrillar 
(regulatory and contractile) proteins from slow  to fast in  the direction  
hypo- to hyperthyroid and from fast to slow  in the direction hyper- to 
hypothyroid, irrespective of whether a slow or fast m uscle is used.
vm
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OVERVIEW OF SKELETAL MUSCLE CONTRACTION AND
RELAXATION
Nerve im pulses reaching  the  neu rom uscu lar ju n c tio n  cause  the  
release of acetylcholine from the nerve endings, by causing  a  change in 
the voltage across the m em brane of the nerve cell. This neurotransm itter, 
in  tu rn , in itia tes a  change in  the  m em brane voltage of the  m uscle. This 
event is followed by the  process of excitation-contraction (E-C) coupling.
E-C coupling is the  process by w hich excitation of the m uscle cell 
m em brane  rap id ly  sp read s  in to  the  fibre in te rio r along m em brane 
invag inations th a t  form  the  tan sv ersa l tu b u la r  system  and  induces 
calcium  (Ca2+) release from the sarcoplasm ic reticu lum  (SR) [for reviews 
see E bash i, 1976; Rios et ah, 1992). The re leased  Ca2+ acts  on the 
regu la to ry  p ro te in s contro lling  cross bridge cycling an d  u ltim ately  
contraction.
C ontrac tion  of skele ta l m uscle  is regu la ted  by the  regu la to ry  
p ro te in s  loca ted  in  th e  th in  filam en ts, viz., tro p o n in  (Tn) and  
tropom yosin (Tm). Tn consists of th ree  different su b u n its  (G reaser & 
Gergely, 1973) term ed troponin T (Tn T), troponin I (Tn I) and troponin C 
(Tn C).
Tn T is the  Tm binding sub u n it, Tn I is an  inhibitory su b u n it of 
the  tension  generating in teraction  betw een actin  and  m yosin th a t u ses 
the  energy liberated by adenosine triphosphate  (ATP) hydrolysis. And Tn 
C is a  calcium  binding subun it.
The popular view is th a t upon  binding Ca2+ to Tn C the inhibitory 
action of Tn I is removed due to a  la tera l shift of the  Tn-Tm complex, 
w hich elim inates the inhibition of the  cross bridge cycling betw een actin  
and  m yosin (steric blocking model) (for reviews see Perry, 1979; Ebashi,
1980).
However, it h a s  been proposed th a t Ca2+ binding to troponin  does 
n o t itself move Tm b u t in stead  allows it to be displaced m ore easily by 
strongly bound cross bridges (for review see El-Saleh et al., 1986).
The cu rren t view of the  cross bridge cycle is th a t during its  cyclic 
in te rac tion  w ith ac tin  (A), th e  m yosin (M) cross bridge b inds e ither 
w eakly or strongly to actin  depending on the nucleotide bound  to the 
active site (Fig. 1.1).
Fig. 1.1: Schematic model (presented from Metzger & Moss, 1990b) of the Idnetics of the 
actomyosin ATP hydrolysis reaction during contraction in skeletal m uscle, where A is 
actin and M is heavy meromyosin or myosin SI and AM is actomyosin. The state AM'- 
ADP, which is capable of binding Pj, is formed preferentially during ATP hydrolysis. AM'- 
ADP is different from AM-ADP (formed by adding ADP to AM) in that AM-ADP cannot 
readily bind Pi.
ATP 
AM ^  AM-ATP
I/Pi
1 ^AM-ADP-Pi ^ ^ A M '-A D P3' AM-ADP
ADP
AM
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I  M-ATP ^ M-ADP-Pi
Weak b ind ing S trong  b ind ing
If ATP or the products of hydrolysis are bound (M-ATP, M-ADP-Pi), 
m yosin rapidly a ttaches to and  detaches from actin  and  is th u s  weakly 
bound . Upon release of inorganic phosphate  (Pi), it is believed th a t  the 
working stroke occurs as the  cross bridge undergoes a  conform ational 
change to a  s ta te  th a t  is more strongly bound to actin . This transition  
re s u lts  in  ten s io n  a n d /o r  a c tin  m ovem ent. Following adenosine  
d iphosphate (ADP) release, m yosin rem ains strongly bound to actin  on a 
rigor bond (AM) un til ano ther molecule of ATP b inds and  detaches the
head, and the cycle begins again. This reaction schem e is adap ted  from 
cu rren t models of the  ATP hydrolysis pathw ay in skeletal m uscle (Taylor, 
1979; E isenberg & Hill, 1985; H ibberd & T rentham , 1986; G oldm an & 
Brenner, 1987).
The strongly bound high tension  sta te  (AM'-ADP) is likely to be the 
dom inant cross bridge form during m axim um  isom etric tension (Metzger 
& Moss, 1990b). W hereas, the  m axim al velocity of shorten ing  (Vmax) in 
skeletal m uscle is obtained  du ring  unloaded con trac tions w here the  
num ber of strongly bound, high tension  sta tes of the  cross bridge is low 
and the  overall cycle ra te  is m aximal. In con trast to the  m axim al rate  of 
tension  development, where the  ra te  of cross bridge a ttachm en t appears 
to be limiting (Brenner, 1987; Metzger et al., 1989), Vmax is though t to be 
lim ited by the ra te  of cross bridge dissociation. The ra te  lim iting step  in 
cross bridge detachm ent is unlm ow n, b u t the possibilities include steps 
6,7,1 and  2 in the schem e show n in Fig. 1.1.
Recently, an  additional step  to the  cross bridge cycle h as been 
proposed, w here the  wealt AM-ADP-Pi cross bridge s ta te  isom erises to 
form a  strong AM'-ADP-Pi cross bridge state  (Fig. 1.2) which can  produce 
e ither a sim ilar tension  to the  AM'-ADP sta te  (Millar & Hom sher, 1990) 
or p roduces less tension  th a n  the  AM'-ADP sta te  (M artyn & Gordon, 
1992)
Fig. 1.2: The following additional step has been proposed recently for the schem e 
presented in Fig. 1.1. In this model Pi release takes place in two steps. The weak AM- 
ADP-Pi cross bridge first isomerises to form a strong AM'-ADP-Pi cross bridge that can  
produce tension. Pi is then released to form a strong AM'-ADP cross bridge.
/PI
AM-ADP-Pi AM'-ADP-Pi AM'-ADP
(weak) (strong) (strong)
Relaxation occurs w hen the stim ulus in itiating the  contraction  is 
removed. Therefore, no fu rth er Ca2+ is released from the SR. The Ca2+ 
w hich is p resen t in the  cytosol is actively taken  back  into the SR by the 
Ca2+ ATPase pum p of the SR. T hus the  in tracellu lar Ca2+ concentration  
falls significantly to relieve the  troponin  molecule of its  bound  Ca2+ (for 
reviews see Inesi, 1985; Ruegg, 1988). In fact, sim ultaneous Ca2+ ATPase 
re-up take  by the  SR com petes w ith Tn binding of calcium  (Gillis e t al., 
1982).
In addition  to the  SR, there  are o ther Ca2+ b ind ing  p ro te in s 
p re se n t in  the  cytosol, su c h  a s  parvalbum in , calm odulin  an d  the  
(phosphorylatable) m yosin light chain , w hich facilitate relaxation  (for 
reviews see Gillis, 1985; Ruegg, 1988). Parvalbum in is norm ally p resen t 
in h igher concentrations in  fast tw itch skeletal m uscles th a n  slow twitch 
m uscles (Heizmann, 1984; Gillis, 1985).
MYOSIN HEAVY AND LIGHT CHAINS
The contractile protein  m yosin is a  hexam eric m olecule consisting 
of two heavy chains and  two pairs of light chains w hich are associated 
w ith  the  globular head  of the heavy chain  (Lowey & Risby, 1971; Weeds, 
1976). Myosin ex ists a s  m ultiple isoform s as a  re su lt of polym orphic 
expression  of b o th  the  m yosin heavy chain  (MHC) an d  m yosin light 
chain  (MLC) subun its . These m yosin isoforms differ s truc tu ra lly  in either 
th e ir  heavy cha in  p rim ary  s tru c tu re  or by th e  type of ligh t chain  
com ponent associated w ith the heavy chain  or by bo th  (e.g., slow vs. fast 
myosin) (Staron & Pette, 1987a).
In the  ra t, MHC h a s  been  show n to exist a s  a  large family of 
pro tein  isoform s th a t  are  encoded for by a  highly conserved m ultigene 
family (for review see Sywnghedauw, 1986). These are the cardiac a- and 
J5-MHC genes; the  skeletal em bryonic, neonatal, fas t type ILA., IIB and 
IID, and  the slow tonic MHC genes; and an  extra-ocular and  a superfast 
m uscle specific MHC genes. (Izumo et al., 1986; Pette & Staron, 1993). In 
addition, the cardiac J3-MHC and the  skeletal m uscle type I MHC protein 
isoform s have been  show n to be encoded by the  sam e cardiac JS-MHC 
gene (Lompre et al., 1984).
Of the  ten  MHC genes know n to exist, th ree  are predom inantly  
expressed in adu lt ra t skeletal m uscle and  are designated as fast type IIB, 
fast type ILA and slow type I MHC. These genes have been related to the 
th ree  m yosin heavy chain  isoform s (Table 1.1), viz. type IIB (FG), ILA 
(FOG), and  I (SO) respectively (Tsika et al. 1987; Diffee et al., 1991).
Table 1.1: Myosin heavy chain isoforms in adult extrafusal fibres.
SLOW FAST
Myosin heavy chain type I (= cardiac ^ -MHC) cardiac a-MHC, and 
slow tonic MHC
type IIA, IID. IIB, 
extra-ocular, superfast, 
embryonic and neonatal 
MHC
The MHC isoform s have been  assigned to th e ir respective native 
isom yosins, SM i and  SM2  (type I MHC i.e. SO type); IM (type IIA MHC
i.e. FOG type) and FM%, FM2 , FM3  (type IIB i.e., FG type) (Tsika et al., 
1987, Fitzsim ons e t al., 1990). Moreover, IM consists of a  m ixture slow 
and  fast light chains, w hereas SM and FM consist solely of slow and  fast 
light chains respectively (Tsika et al., 1987).
In ad u lt skeletal m uscles, there  are two c lasses of light chains. 
T hese  have  becom e know n as  th e  a lkali ligh t c h a in s  a n d  the  
phosphorylatable (P- or DTNB) light chains. They are so term ed because 
the  form er can  be rem oved from the  m yosin m olecule u n d e r alkaline 
conditions w hereas, the la tte r can be removed from m yosin by reaction 
w ith  5 ,5 '-d ith io b is -2 -n itro b e n z o ic  ac id  (DTNB) a n d  c a n  be 
phosphorylated (Manning & Stull, 1982). It h as  been show n th a t removal 
of alkali light chains leads to loss of adenosine triphosphatase  (ATPase) 
activity, w hereas the  P-light chains can  be removed w ithout the  loss of 
ATPase activity (Perrie et al., 1973). The myosin light chains are identified 
by a  n um ber w hich corresponds to their m igration on sodium  dodecyl 
s u lp h a te  (SDS) po lyacry lam ide  e le c tro p h o res is . A low n u m b e r 
corresponds to a slower m igration relative to a h igher n u m b er w hich 
corresponds to a  faster migration.
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In slow m uscles, th e re  are  two alkali light cha in s (Table 1.2) 
term ed  MLC i sa and  MLCisb and  there  is one P-MLC term ed MLCgs- 
Similarly, there are two alkali light chains in fast m uscle, term ed MLC if 
an d  MLCsf, and  one P-MLC, term ed MLCaf (for review see B arton  & 
B uckingham , 1985). G enerally the  slow MLC isoform s predom inate in 
slow m uscles and the  fast MLC isoforms predom inate in the fast m uscles 
(Lowey & Risby, 1971; Weeds, 1976).
Table 1.2: Myosin light chain Isoforms in adult extrafusal fibres.
Myosin light chains SLOW FAST
Alkali MLC Isa. MLCisb MLC If, MLCsf
Phosphorylatable MLC2s MLC2f
DIFFERENTIATION AND PLASTICITY OF SKELETAL MUSCLE
M a m m a lia n  s k e le ta l  m u sc le  f ib re s  u n d e rg o  p o s tn a ta l  
d ifferen tiation  in to  slow and  fas t types (for reviews see B uch ta l & 
Schm albruch , 1980; Jo lesz  & Sreter, 1981; Sw ynghedauw, 1986). At 
b irth , there  is little difference in  the  contraction  speed of m uscles th a t 
will becom e fast or slow later in  life (Close, 1964). In th e  ra t, all fibres 
a re  uniform ly and  m ultip ly  innervated  early In developm ent and  th is  
polyneural innervation regresses to a m onosynaptic innervation by the  
end of the second week after b irth  (Butler-Browne & W halen, 1984).
D uring  ra t  sk e le ta l m usc le  developm ent, severa l isom yosin  
tran sitions take place. In m uscle fibres, destined to contain  ad u lt fast- 
type myosin, sequential appearance of embryonic and  neonatal m yosin 
isoenzym es is found before the  ad u lt form becom es the  p redom inan t 
isoenzyme (Whalen et al., 1981; Butler-Browne et al., 1982). In m uscles, 
su ch  as the soleus, a  study  (Butler-Browne & W halen, 1984) h as show n 
th a t  two m ajor types of isom yosin are p resen t in the  developing soleus 
m uscle  in  the  early  p o s tn a ta l period. One type con ta in s a d u lt slow 
m yosin  by one w eek after b irth , w hereas the  o ther type undergoes 
isoenzyme transitions sim ilar to developing fast fibres. These fast fibres 
are gradually  converted to slow fibres over a period of several m onths. 
S tudies have m ainly concentrated on the isom yosins and  it is no t known 
w hether there are embiyonic forms of regulatory proteins (Swynghedauw, 
1986).
W hen the m yosin m olecule is analysed for its MHC con ten t the  
sequen tia l appearance of the  different isoforms of m yosin heavy chains 
in  bo th  slow and  fast skeletal m uscle, is sim ilar to the p a tte rn  observed 
for the  isoenzymes of myosin (Swynghedauw, 1986). In addition a  specific 
embryonic nonphosphorylatable MLC h as  been found in ra t  fast skeletal
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m uscle (Whalen et al., 1978).
The sequen tia l appearance  of m yosin isoenzym es su p p o rts  the  
concept th a t  developing m uscle fibres will undergo a  pre-program m ed 
sequence  of m yosin  tra n s itio n s . However, th e re  is evidence th a t  
m otorneurones and horm ones, especially thyroid horm ones, assum e an  
im p o rtan t fu n c tio n  in  reg u la tin g  m yosin  p ro te in  isoform s d u ring  
developm ent; and  th a t, in  th e ir  absence, the  norm al expression  of 
diversity is perturbed (Butler-Browne et al. 1984; R ubinstein  et al. 1988).
The im portance of innervation in differentiation of fibres is clearly 
illustra ted  by 'cross-innervation ' experim ents in  w hich fas t m uscles can 
be transform ed into slow ones and  vice versa and  it is principally the 
frequency of m otorneuron  discharge w hich govern these  changes (for 
review see B uchtal & Schm albruch, 1980). Continued innervation seem s 
to be required  for the  m ain tenance  or the  induction  of slow m yosin 
during  development (Jolesz & Sreter, 1981) b u t the appearance of adu lt 
fast m yosin does not require innervation (Butler-Browne et al. 1982).
Thyroid horm one levels also exert a m ajor influence on m yosin 
isoenzym e tran s itio n s  in  developing an im als (Gam bke et al., 1983; 
B utler-Brow ne et al., 1984; R ub inste in  et al. 1988). H ypothyroidism  
slows the  endogenous program  in  bo th  slow and fast m uscles. In fast 
m uscles, neonatal m yosin rem ains predom inant in hypothyroid anim als 
during  the  first m onth  of the ir life, and only traces of adu lt fast myosin 
can  be detected. The so leus m uscle of hypothyroid an im als contains 
ad u lt slow isoform s, b u t  it also h a s  an  abnorm ally  high am o u n t of 
neonata l m yosin. On the  o ther hand , hyperthyroidism  allows m uscle 
developm ent to occur precociously. It is no t yet possib le  to decide 
w he ther th is  is a  d irect re su lt of the  effects of th e  horm one on the  
developm ent of fibres or an  ind irect consequence of re ta rdation  in  the 
m atu ra tion  of th e  cen tral nervous system  (Butler-Browne et al. 1984).
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Alternatively, thyroid horm one m ay exert its influence by effects bo th  on 
the  m uscle fibre and  on the  developing m otorneuron (Rubinstein et al., 
1988 ).
A dult sk e le ta l m usc le , w hile p reserv ing  its  specific tis su e  
characteristics, can  respond in  a  p lastic  m anner to a  variety of stim uli. 
Several factors have been  identified th a t  influence the  differentiated 
charac ter of skeletal m uscle fibres. These include innervation (e.g., slow 
to fa s t or fas t to slow conversion), physiological dem and and  thyroid 
horm ones. W hatever, p rocedure  b rings abou t th e  tran sfo rm ation , it 
re su lts  in  changes in  contractile  pro tein  isoform s, a lte ra tio n s in  the  
levels of glycolytic v e rsu s oxidative m etabolic enzym es, sw itches in  
proteins of the  sarcoplasm ic reticulum , and m odulation of a wide variety 
of add itional p roperties (Pette, 1980; B uch ta l & Schm albruch , 1980; 
Swynghedauw, 1986).
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CONTRACTILE PROPERTIES OF SLOW AND FAST SKELETAL
MUSCLES
Slow and fast m am m alian skeletal m uscles can be distinguished in 
physiological experim ents by differences in  th e  p ro p erties  of th e ir  
iso m etric  a n d  iso to n ic  c o n tra c tio n s  (Close, 1972), C o n trac tio n  
characteristics of slow and fast m am m alian m uscles have been examined 
in  a n u m b er of s tu d ie s  (Close, 1964; Close, 1969; G ulati, 1976; 
R anatunga, 1977, 1982). These s tu d ies  have show n on the  b asis  of 
m easu rem en ts su ch  as tw itch contraction  time, ra te  of rise of te tan ic  
ten sio n  and  sho rten ing  velocity, th a t  the  con trac tion  speed of fas t 
m uscle is 2 -3  tim es higher th a n  in  slow m uscle. This reflects the higher 
m yosin ATPase activity of fast m uscles, since velocity of shortening  h as 
been found to correlate w ith the actin  and Ca2+ activated myosin ATPase 
activity in  different m uscles of a  variety of anim al species (Barany, 1967).
Slow and  fast m uscles m ay be fu rther d istinguished  by m etabolic 
and  histochem ical characteristics into three m ajor fibre types from w hich 
they  are composed (Peter et al., 1972; Ariano et al., 1973; Arm strong & 
Phelps, 1984). The fibres types are  slow oxidative (SO, type I), fas t 
oxidative glycolytic (FOG, type ILA) and  fast glycolytic (FG, type IIB).
The SO fibres contain type I MHC and fast fibre types FOG and FG 
con ta in  type IIA MHC and  iype IIB MHC respectively (Danieli-Betto et 
al., 1986; S taron & Pette, 1987a, b).
In addition  to these  th ree  m ajor fibre types, S ta ron  and  Pette, 
1987a have identified two o ther fibre types in slow m uscles, viz., type IC 
and  lie . These seem  to be tran sitiona l fibres, w ith the  IC type fibres 
being histochem ically sim ilar to SO fibres and  the IIC type fibres being 
histochem ically sim ilar to FOG fibres. In fast m uscles, S taron  and  Pette, 
1987b have also identified a  transitional fibre type (type IIAB) which is 
histochem ically betw een FOG and  FG fibres.
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G enerally, SO fibres exhib it a  low m yosin ATPase activity, a  
m oderate oxidative capacity  and  a  low glycogenolytic capacity. W hereas 
FOG fibres a  high m yosin ATPase activity, a  high oxidative capacity and a 
m oderate to high glycogenolytic capacity. And FG fibres a  m oderate to 
h ig h  m yosin  ATPase activity, low oxidative cap ac ity  and  a  h igh  
glycogenolytic capacity.
The p roperties of each  fibre indicate its  probable  function. For 
example, FG fibres would function as fast u n its  for short-term  powerful 
phasic  activity because they fatigue quickly, w hereas FOG fibres would 
be be tter adapted for susta ined  phasic activity, these  fatigue a t a  slower 
ra te  th a n  FG fibres. On the  o ther hand , the  SO fibres are  low speed 
econom ical con trac tile  u n its  su itab le  for su s ta in e d  tonic activity, 
because  they  show  little fatigue (Close, 1972). F ibres w ith in  skeletal 
m uscles are organised into m otor un its , each fibre w ithin a m otor u n it 
h a s  the  sam e h istochem ical and  m etabolic ch arac te ris tic s  (Jolesz & 
Sreter, 1981).
On the single fibre level, the  m axim um  shortening  velocity (Vmax) 
of a  single m uscle fibre is a  characteristic  property (Ju lian  et al., 1986) 
an d  is also correlated  w ith  the  ra te  of ATP hyd ro ly sis  by  m yosin  
con ta ined  w ith in  it (Edm an et al., 1988). E xperim ents on sk inned  
m uscle fibres have show n sim ilar differences in Vmax betw een slow and 
fas t m uscle fibres a s  in  whole m uscles and  a difference also exists 
betw een the two types of fast fibres, w ith FG fibres having a higher Vmax 
value th a n  FOG fibres (Reiser et al., 1985 a, b; Sweeney et al., 1986,
1988).
However, w ith respect to the  m axim al isom etric tension  generating 
capacity of slow and fast m am m alian m uscles, a  confused picture exists. 
F irst of all, a  range of values have been reported 100 ™ 490 kN/m ^ (Close, 
1972; Powell at al., 1984). Secondly, on bo th  the whole m uscle and the
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single fibre level, it h as  either been show n th a t no significant difference 
exists in the  tension generated by slow and fast m uscles/fib res (Takagi & 
Endo, 1977; Nicol & Bruce, 1981; Metzger & Moss, 1987; Reiser et al., 
1987a, b; G reaser et al., 1988; Sweeney et al., 1988; R an atu n g a  & 
Thom as, 1990) or fast m uscles/fib res generate higher tensions th a n  their 
slower coun terparts  (Close, 1972; S tephenson & Williams, 1981; Powell 
et al., 1984; M ounier et al, 1989). Additionally a  single fibre s tu d y  
(Gardetto et al., 1989) h a s  reported tension  values h igher in slow th an  
fas t fibres. As far as the  tension  betw een the  two fast fibre types is 
concerned th is has been show n to be sim ilar between FOG and FG fibres 
w here these  have been identified (Sweeney et al., 1988; G ardetto et al.,
1989).
EFFECT OF TEMPERATURE AND SARCOMERE LENGTH
T w itch te n s io n  in  m am m alian  m usc le  te n d s  to be largely  
independen t of tem pera tu re  or decreases w ith increasing  tem pera tu re  
according to the  p redom inan t m uscle fibre type in  the  m uscle un d er 
investigation. It generally rem ains constan t in slow tw itch (e.g. soleus) 
m uscles b u t decreases w ith increasing  tem pera tu re  in  fast tw itch (e.g. 
EDL -  extensor digitorum  longus) m uscles (Close & Hoh, 1968; Close, 
1972; Hoh, 1974; Issacson et al., 1970; Ranatunga, 1977, 1980; Duller et 
al., 1984). The basis of th is  differential therm al sensitivity betw een fibre 
types is n o t know n. Moreover, its functional significance is unclear, 
particu larly  because these m uscles, soleus and  EDL, norm ally function 
tetanically  in vivo. R esults for single in tact m uscle fibres (Lannergren & 
W esterbald, 1987) and  for m axim al tension  in Ca2+ activated  single 
sk in n e d  fib res (S tep h en so n  & W illiam s, 1981) show  a th e rm a l 
dependence sim ilar to th a t reported for whole m uscle preparations.
M aximal tetan ic  tension , on the  o ther hand , h a s  a  low positive
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therm al dependence w hich is independent of the fibre type (Close, 1972; 
Issacson et al., 1970; R anatunga, 1977, 1980).
Vmax b a s  been  rep o rted  e ith e r to have a g rea te r th e rm al 
dependence (i.e., Vmax increases w ith  increasing  tem perature) in  fast 
th a n  in  slow tw itch m uscle (Faulkner, 1980) or bo th  types of m uscles 
have sim ilar therm al dependence (Ranatunga, 1982, 1984).
One feature of the  cross bridge theory proposed by Huxely (1957) is 
th a t  cross bridges function as independent tension generators. This leads 
to the  prediction th a t the tension  generating capacity of skeletal m uscles 
is directly proportional to the  overlap of th ick  (myosin) and  th in  (actin) 
filam ents. The rela tionsh ip  betw een isom etric tension  and  sarcom ere 
length  (SL) in  in ta c t single m uscle fibres from the frog h as been well 
characterised in tetanically stim ulated skeletal m uscle fibres in which SL 
w as servo-controlled (Gordon et al., 1966a, b).
Tension (Fig. 1.3) is found to be independen t of length  over a 
narrow  range of leng ths n e a r  th e  optim um  because  th e  n u m b er of 
ten sio n  generating  sites does no t change (the p la teau  region), th is  
corresponds to the bare  zone in the  middle of the  m yosin filam ent. At 
sarcom ere lengths above the  optim um  for tension  developm ent tension  
decreases (the descending limb of the  length tension  relation) due to a  
red u c tio n  in  a m o u n t of overlap of th ick  and  th in  filam ents an d  a  
consequent decrease in  the  num ber of myosin cross bridges in teracting 
w ith actin . At sarcom ere leng ths below optim um , ten s io n  falls (the 
shallow  p a rt of the  ascending limb) due to overlap of th in  filam ents with 
c ross bridges on th e  opposite end of the  th ick  filam ent and  a t  still 
sh o rte r lengths (the steep p a rt of the  ascending limb) due to a  resting  
tension  resulting  from the  com pression of th ick filam ents against the  Z- 
lines.
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Fig. 1.3: Graphical representation of the isometric tension-sarcomere length relation of 
single fibres from frog semitendinosus muscle, obtained by Gordon et al., 1966a, b.
1, Steep ascending limb 
3. Plateau region
2. Shallow ascending limb 
4. Descending limb
3
0.9 -
0.8  -
I
I  0.6 “
B 0.5- 
S 0.4 -
0.3
0.2
0.0
1.0 1 .5 2.0 2.5 3.0 3.5 4.0
Sarcomere length (jim)
W ith only a  few variations, which can be explained on the basis  of 
SL n o n -u n ifo rm itie s  a long  th e  fib res , s im ila r  le n g th  te n s io n  
re la tionsh ips have been  obtained in  m axim ally Ca2 + activated sk inned  
p reparations of am phibian m uscles (Schoenberg & Podolsky, 1972; Moss, 
1979; J u l ia n  & M oss, 1980), m am m alian  sk e le ta l (S tephenson  & 
W illiams, 1982; Allen & Moss 1987) and  card iac m uscles (Fabiato & 
Fabiato, 1978; Kentish et al., 1986).
However th e re  is still in ad eq u a te  Inform ation  concern ing  the  
length dependence of the fibres ability to produce motion. S tudies on frog 
single m uscle fibres (Huxley & Ju lia n  1965; Gordon et al., 1966a, b) 
found the  speed of sho rten ing  aga in st a  sm all load (4-6% of te tan ic  
tension) fell by approxim ately 15% during shorten ing  from 3.0 to 2.0pm  
SL, though  the  initial speed of shortening, m easured  a t 3 .0  and 2.5pm  
SL, did no t differ appreciably. A detailed study  by E dm an (1979) using
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th e  slack  te s t m ethod to m easure  Vmax of hog  single m uscle fibres found 
th a t  in the  SL range 1.65 -  2.7pm, Vmax w as constan t. At SL < 1.65pm 
Vmax showed a  decrease, in th is  region of sarcom ere lengths the effect on 
Vmax is believed to be a  re su lt of tension  w ithin  th e  fibre resisting  
shorten ing . And a t SL > 2.7pm  Vmax showed an  increase, w hich w as 
found to be rela ted  to th e  res ting  tension  of th e  fibre. U nstim ula ted  
fibres develop passive tension over th is range of lengths and  can  shorten  
rapidly. The passive tension  seem s to act as com pressive tension  (i.e. 
directed tow ards the centre of the  fibre) enhancing Vmax above the value 
attained  a t zero load. It should  be noted, in vertebrate m uscle the length 
of th e  th ick  filam ent is th e  sam e in  all species th a t  have been  
investigated (Page & Huxely, 1963). The b est estim ate  of th is  length  is 
1.56 -  1.60pm (Close, 1972; Craig & Offer, 1976). The length of the  th in  
filam ent, however is different in  different species, varying from 1.98pm 
(frog) to 2.38pm  (rat), (Page & Huxely, 1963; Close, 1972; ter Keurs et al.,
1981).
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TENSION-pCa (T/pCa) RELATIONSHIP
It is know n th a t  in teresting  and  im portan t Inform ation abou t the 
Ca2 + regulatory proteins of skeletal m uscle can be obtained by activating 
single skinned m uscle fibres w ith different Ca2 + concentrations, since the 
regulatory  proteins are believed to be involved in  the  Ca2 + activation of 
s tria ted  m uscle. For exam ple, it h a s  been  show n th a t  slow fibres have 
contractile  characteristics w hich are clearly d istinc t from those of fast 
fibres.
Slow fibres have a relatively high Ca2+ sensitivity and  a  relatively 
shallow T /p C a  relationship, w hereas fast fibres are less sensitive to Ca2+ 
and  have very steep T /p C a  relationships. This h a s  been  show n in ra t  
(S tephenson  & Forrest, 1980; S tephenson  & W illiams, 1981, 1982; 
M izusaw a et al., 1982; F ink  et al., 1986; E ddinger & Moss, 1987; 
Lazewski-W illiams et al., 1989; Danieli-Betto et al., 1990) guinea-pig 
(Takagi & Endo, 1977) rabb it (Kerrick e t al., 1976; D onaldson, 1984; 
Metzger & Moss, 1987; G reaser e t al., 1988; G ardetto  et al., 1989) 
chicken (Reiser et al., 1987a) and  h u m an  m uscle fibres (Ruff, 1989). 
S im ilar differences in Ca2+ sensitiv ity  have also been  found betw een 
ventricu lar (slow) and atrial (fast) sM nned fibres (Morano et al., 1988).
The Ca2+ sensitiv ity  differences are m ainly  a ttr ib u te d  to the  
different com position of the  regu latory  proteins. W hereas the  steeper 
T /p C a  relationship  in fas t fibres is indicative of a  g reater co-operatM ty 
in Ca2+ activation of tension  com pared to slow fibres. Although the exact 
m echanism  of th is effect is unknow n, it is though t to be a t least in p a rt 
due to differences in the  Ca2+ binding characteristics of the slow and  fast 
isoform s of tropon in  and  to the  effect of neighbouring  cross bridges 
(Metzger & Moss, 1987; Bremel & Weber, 1972).
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However, certain  investigators have observed different re su lts  to 
those described above (e.g., Moss e t al., 1986; M ounier et al., 1989) b u t 
these  have been explained on the  basis of different tem pera tu re  and  SL 
(see below) in  these latter studies.
The Ca2+ sensitivity differences could be explained by the stud ies 
of S tephenson  & W illiams (1981, 1985). They dem onstra ted  th a t  Ca2+ 
sensitivity  decreases w hen tem pera tu re  increases from 5 to 25 °C and 
th a t  the  respective position of the  T /p C a  relationship  of bo th  slow and 
fas t m uscles changes w ith  tem pera tu re , i.e. increases in  tem pera tu re  
sh ift th e  T /p C a  re la tionsh ip  to h igher Ca2+ concen tra tion . The m ost 
likely explanation  for th is  observation is th a t  the  affinity of the  Ca2+ 
specific sites of Tn C for Ca2+ decreases w ith increasing tem perature, as 
expected, since Ca2+ binding is an  exotherm ic reaction, (Potter e t al., 
1977). However, it ap p ea rs  from  th e ir  s tu d ie s  th a t  w hatever the  
tem pera tu re  there  w as a lower Ca2+ threshold  and  a  less steep T /p C a  
relationship  in  slow th a n  in fast fibres.
In addition the  effect of SL could be implicated in  the  differences in 
Ca2+ sensitivity. It h a s  been  reported  by S tephenson  & Williams, 1982 
th a t  an  increase in  SL (within the  range 2.2 -  3.6 pm) shifted the T /pC a  
rela tionsh ip  for bo th  slow and  fas t fibres tow ards h igher pCa w ithout 
affecting the steepness of the  relationship. This resu lt is consisten t w ith 
the  idea th a t  the  sensitiv ity  of the  contractile  a p p a ra tu s  to Ca2 + is 
increased with increasing SL.
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MUSCLE FATIGUE
M uscle fatigue, defined as loss of tension  and  power, probably 
resu lts  from a m ultiple of factors. A lterations in the functional capacity 
of the  cen tral nervous system  (central fatigue), the  peripheral a -m oto r 
nerves, the neu rom uscu lar junction , and  the  skeletal m uscles could all 
contribute to fatigue. However, evidence suggests th a t m uscle fatigue is 
generally confined to the peripheral skeletal m uscle cells (for review see 
Jo n es  & Round, 1990).
Peripheral fatigue involves a t least two com ponents: d isrup tion  of 
excitation-contraction coupling and  a  change in  the  com position of the 
m yoplasm  w hich directly m odulates cross bridge function. The relative 
contribution of these two com ponents depends upon  factors such  as the 
in tensity  and  duration  of the  contractile activity, as well as the  fibre type 
com position of the  m uscle u n d er study  (for review see F itts & Metzger, 
1988).
M any stu d ies  on sk inned  m uscle fibres have show n th a t  the  
p roducts  of the  ATPase reaction can  have m arked effects on contractile 
function.
A decrease in pH leads to a  decrease in m axim al isom etric tension 
and  Vmax» w hilst the  T /p C a  relationship  is shifted to the right (i.e., a 
decrease in  the  Ca2+ sensitivity) (Fabiato & Fabiato, 1978; Donaldson & 
H erm ansen, 1978; Robertson & Kerrick, 1979; Donaldson, 1984; Luney & 
Godt, 1987; Cooke et al., 1988; Metzger & Moss, 1987, 1988, 1990a, b; 
Godt & Nosek, 1989). Moreover, H+ ions have been reported to effect fast 
fibres m ore th a n  slow fibres (Donaldson, 1984; Metzger & Moss, 1990a, 
b).
An increased concentration of Pi in the mM range h as been show n 
to decrease  the  m axim al isom etric  tension , w h ilst Vmax h a s  been
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relatively unchanged  (Hibberd e t al., 1985; Cooke & Pate, 1985; Kwai, 
1986; Webb et al., 1986; Nosek e t al., 1987; Hoar et. al., 1987; Kwai et 
al., 1987; C hase & Kushm erick, 1988; Cooke et al., 1988; Pate & Cooke, 
1989a; Godt & Nosek, 1989; Millar & Homsher, 1990; M artyn & Gordon, 
1992). F urtherm ore, a  rightw ard sh ift in  the  T /p C a  rela tionsh ip  w ith 
increased  concentra tion  of Pi h a s  been reported by m any investigators 
(B randt et al., 1982; H oar e t al., 1987; Godt & Nosek, 1989; Millar & 
Homsher, 1990; M artyn & Gordon 1992).
G enerally the  effect of increased  concentra tions of ADP is in  the  
opposite d irection com pared to the  effect of H+ ions and  P|. Increased  
concentrations of ADP lead to an  increase in  the isom etric tension  and a 
leftw ard sh ift in  the  T /p C a  re la tionsh ip  (Hoar e t al., 1987; Luney & 
Godt, 1987; Cooke & Pate, 1985). A lthough, Vmax is reduced in the 
presence of increased concentrations of ADP (Luney & Godt, 1987; Cooke 
& Pate, 1985; Fortune et al., 1989). However, the effects of ADP on the 
contractile ap p ara tu s  are m inim al relative to the effects of H+ ions and Pi 
(Cooke et al., 1988; Godt & Nosek, 1989).
Finally, the individual resu lts obtained for the th ree ATP hydrolysis 
p roducts (ADP, Pi and  H+) re su lt in a  sum m ated  effect, w hen all th ree 
p ro d u cts  are  p resen t together. Moreover, the  sum m ated  effects of the 
th ree  p roducts are  com parable w ith changes observed during  fatigue 
(Chase & Kushm erick, 1988; Cooke et al., 1988; Godt & Nosek, 1989).
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EFFECT OF THYROID STATUS ON SKELETAL MUSCLES
The abnorm al p lasm a levels of thyroid horm ones found in hyper- 
and  hypothyroidism  are often associated clinically w ith abnorm alities of 
m uscle function (Engel, 1972; McKeran et al., 1975). Reports on m uscle 
function in hyperthyroidism  m ention fast fatigue, severe w eakness and  
w astin g  of m u sc le s  (G rob,1963; R am say, 1974). W ith re sp ec t to 
hypo thyro id ism  th e  m ost repo rted  com plain ts are; s tiffness of th e  
m uscles, slow ness of m ovem ent, difficulty in  in itia ting  m ovem ent and 
w eakness an d  w asting  of the  m uscles (Astrom et al., 1961; Ram say, 
1974; Rao et al., 1980). A lthough the  w ealm ess in  hypothyroidism  m ay 
be less p rom inent in com parison w ith the  hyperthyroid  situation , the 
sam e m uscle g roups are  affected (Ramsay, 1974). The sym ptom s of 
d istu rbed  m uscle function in hyper- or hypothyroidism  d isappear w hen 
the  euthyroid sta te  is restored (Grob, 1963; Ramsay, 1974).
It h a s  been  show n th a t  hyperthyro id ism  changes contractile , 
biochem ical and  histochem ical characteristics of slow m uscles to those 
resem bling fast m uscles, w hilst hypothyroidism  resu lts  in opposite b u t  
less dram atic changes (McKeran et al., 1975; W inder et al., 1975, 1980; 
lanuzzo et al., 1977; M cCardle et al., 1977; W inder & Holloszy, 1977; 
J a n s s e n  et al., 1978; C ourtrigh t & F itts, 1979; lanuzzo et al., 1980; 
Jo h n s to n  et al., 1980a, b, 1983; F itts et al,, 1980, 1984; Nicol & Bruce, 
1981; Nicol & Jo hnston , 1981; Nwoye & M om m aerts, 1981; Kim et al. 
1982; Nicol & Maybee, 1982; Nwoye et al., 1982; Hall-Craggs et al., 1983; 
Jo h n s to n  & T urnbull, 1984; Sickles et al., 1987). The changes observed 
are quantitatively  g rea ter in m uscles composed m ostly  of slow m uscle 
fibres su ch  as the ra t  soleus in com parison to fast m uscles such  as the 
EDL (Winder & Holloszy, 1977; J a n s s e n  et al., 1978; lanuzzo et al., 
1980; W inder et al., 1980; Jo h n sto n  et al., 1980b Nicol & Bruce, 1981;
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Nicol & Jo h n sto n , 1981; Nwoye & M om m aerts, 1981; Kim et al. 1982; 
Nicol & Maybee, 1982; Jo h n s to n  &. Turnbull, 1984; F itts e t al., 1984; 
Leijendekker & Hardveld, 1987; Sickles et al,, 1987; Fitzsim ons et al., 
1990).
The differential effects of thyroid  horm one on slow and  fas t 
m uscles could be due to a  g reater blood supply and capillary density in 
slow th a n  in  fas t m uscles an d  hence differences in  horm one delivery 
(Ja n sse n  et al., 1979; S illau , 1985a, b). T herefore, th e  effective 
concen tra tion  of the  horm one in the  slow m uscle would be greater. 
However, th is factor cannot account for resu lts  obtained in hypothyroid 
an im als (e.g., Nwoye & M om m aerts, 1981; F itzsim ons et al., 1990). 
Alternatively, slow m uscle h as  a  greater range for potential change th a n  
does fast m uscle.
However, the  m ost likely explanation is th a t it is widely believed 
th a t the biological effects of thyroid horm one resu lt from its binding to 
n u c lea r receptors th a t in te rac t w ith chrom atin  and  thereby  a lte r gene 
expression (Schwartz & Oppenheim er, 1978; Russell et al., 1988) and it 
h as  been  show n th a t the T3  (triidothyronine) and  T4  (thyroxin) up take  is 
greater in slow th an  in fast m uscles (Janssen  e t al., 1979). This suggests 
a  quan tita tive  difference in  recep to r n um ber in m uscle  cells, slow 
m uscles con tain ing  m ore th a t  fast. In fact, it h a s  been  show n th a t  
tissu es  w ith a  significant response to thyroid horm ones contain a larger 
n u m b e r of n u c le a r  recep to r s ite s  th a n  do u n resp o n siv e  t is su e s  
(Oppenheimer, 1975). Therefore, it is possible th a t the differential effects 
a re  due  to e ither d ifferent levels of recep to r or d ifferent levels of 
responsiveness of the  receptor to thyroid horm one am ong the different 
m uscle types. A higher receptor concentration in the slow m uscle would 
explain its greater responsiveness in both  hyper- and  hypothyroidism.
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The m echanism  th rough  w hich the  contractile, biochem ical and 
histochem ical characteristics are changed by thyroid horm ones is under 
debate. Theoretically the changes could be the  resu lt of a  direct effect of 
thyroid horm ones on the m uscle or an  indirect effect of altering neuronal 
activity. Jo h n s to n  et al. (1980b) prevented the effects of hypothyroidism  
by denervation of the  m uscle and  therefore concluded the  change w as 
n e u ra lly  m ed iated . However, th ese  re su lts  could  be a lterna tive ly  
explained by superim posed effects of denervation (shift to fast muscle) on 
the  hypothyroid (shift to slow muscle) sta te . In fact, the  hyperthyroid 
induced shift to fast m uscle produced in ra t soleus w as no t cancelled by 
denervation b u t ra th e r accen tuated  (Nwoye et al., 1982; Hall-Craggs et 
al., 1983). Nwoye & M om m aerts (1981) also showed th a t  fast to slow 
conversion of EDL m uscle in hypothyroidism  w as accen tuated  and not 
cancelled by denervation. Therefore, it appears th a t thyroid horm one and 
denervation  control m uscle phenotype th rough  different m echanism s 
(McCardle et al., 1977; Nwoye & M ommaerts, 1981; Nwoye et al., 1982; 
Jo h n s to n  et al., 1983; Jo h n s to n  & Turnbull, 1984).
In addition. Sickles et al. (1987) have showed th a t hyperthyroidism  
selectively increases  the  oxidative m etabolism  of th e  slow-oxidative 
m otor u n its  of soleus m uscles. This could be either by a direct effect on 
the  m otorneurons them selves or merely a secondary effect resulting  from 
the in ter conversion of SO fibres.
23
EFFECT ON CONTRACTILE PROPERTIES
H yperthyroidism  sho rtens the contraction  and  relaxation tim e of 
bo th  the isom etric tw itch and  te ta n u s  con tractions in  the  ra t  soleus 
m uscle (Table 1.3), w ith the effects on relaxation time being greater th an  
contraction  tim e (Gold et al., 1970; Takam ori et al., 1971; F itts e t al., 
1980, 1984; Nicol & B ru ce , 1981; Nicol & M aybee, 1982).
H yperthyroidism  also increases the  ra te  of tension  developm ent and  
decline of tension  during  bo th  tw itch (Fitts et al., 1980, 1984; Nicol & 
Bruce, 1981; Nicol & Maybee, 1982) and tetan ic  contractions (Nicol & 
Bruce, 1981).
On the other hand , stud ies on the  slow m uscle of the hypothyroid 
ra t  have show n a prolongation in contraction and relaxation tim e (Gold 
e t al., 1970; T akam ori e t al., 1971; J o h n s to n  e t al., 1980a, b; 
Montgomery, 1984). Hypothyroidism  also produces a  m arked slowing in 
the  rate  of contraction and  relaxation of the  soleus isom etric tw itch and 
a  reduction  in  the  m axim um  ra te  of tension  developm ent du ring  a 
te tan u s  (Johnston et al., 1980a, b).
In fast m uscle, the effects of thyroid horm one levels are m uch less 
pronounced. In hyperthyroidism  the twitch duration  is e ither unaffected 
(Fitts et al., 1984) or decreases slightly  w hich is m ainly  due to a  
red u c tio n  in  re lax a tio n  tim e (Nicol & B ruce, 1981). In a tw itch  
contraction, the  ra te  of tension  developm ent is also largely unaffected, 
w hereas the  ra te  of tension  decline show s a  progressive increase  w ith 
thyroid  horm one trea tm e n t from 1 - 6  weeks, th ough  th e  effect is no t 
significant a t any stage of the  trea tm en t (Nicol & B ruce, 1981). In a  
te tan ic  contraction , the  ra te  of tension  developm ent and decline h a s  
been  show n to be unaffected (Fitts e t al., 1984) or there  is a  slight 
increase in the rate  of relaxation (Nicol & Bruce, 1981).
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In hypothyroidism , the  relaxation time of the EDL w as prolonged 
during  a  tw itch and  te ta n u s  contraction  w hilst con traction  tim e w as 
unchanged  during a  te tan u s  (Leijendekker & Hardveld, 1987). However, 
Jo h n s to n  e t al. (1980b) found the  tw itch characteristics of EDL m uscle 
to be unchanged w ith hypothyroidism.
The increased  ra te  of relaxation  in hyperthyroid so leus m uscles 
can  probably be a ttribu ted  to a  faster Ca2 + removal from the cytoplasm  
and  as su c h  thyroxin  trea tm en t h a s  show n an  increased  ra te  of Ca2 + 
uptalte by the SR (Fitts et al., 1980; Kim et al., 1982; Nwoye et al., 1982) 
and  an  induced proliferation of the SR (Fitts et al., 1980; Kim et al., 
1982). The two-fold increase  in  the  ra te  of tension  decline following a  
te tan ic  con trac tion  corre la tes well w ith  the  two-fold increase  in SR 
con ten t in the soleus (Fitts et al., 1984; Kim et al., 1982). In addition 
parvalbum in, a  high affinity Ca2 + binding protein w hich m ay facilitate 
the  ra te  of m uscle relaxation in euthyroid m uscles, could be involved in 
fa s te r  relaxation  in  hyperthyro id ism  (Heizmann, 1984; Gillis, 1985). 
However, M untener e t al. (1987) found th a t parvalbum in  d istribu tion  
and  concentration w as largely unaffected in all thyroid sta tes.
The increased  ra te  of con trac tion  in th e  hyperthyro id  so leus 
m uscles can  be explained by the  sam e m echanism , in th a t  induced  
a d a p ta tio n s  in  th e  SR m igh t re s u lt  in  a m ore rap id  in c rease  in 
cytoplasmic Ca2+ during E-C coupling, i.e., a faster rate  of Ca2+ diffusion 
from the more extensive SR netw ork. However, th is would only hold, if 
the  rate  a t which C a 2 +  is m ade available to troponin lim its th is phase of 
contraction and  there is considerable uncertain ty  regarding w hether the 
ra te  a t  w hich C a 2 +  is m ade available to Tn lim its the  ra te  of actin- 
m yosin cross bridge activation (Julian  & Moss, 1976). Moreover, a  faster 
ra te  of contraction could partially  be explained by the  less elastic n a tu re
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of the  hyperthyro id  so leus m uscle (Nicol & M aybee, 1982) because  
m uscles with a  less extensible series elastic com ponent have faster rates 
of tension  production (Julian & Moss. 1976).
In fast m uscle, the observation of little or no change of contraction 
an d  re laxation  ra te  in  hyperthyro id ism  is c o n s is ten t w ith  thyro id  
horm one trea tm e n t having no effect on the  yield (mg/g) or specific 
activity of the  SR ATPase enzyme in  fast m uscle (Kim e t al., 1982). In 
addition, there w as no change observed in  the  elasticity of the  fast EDL 
m uscle in  hyperthyroidism  (Nicol & Maybee, 1982).
Conflicting re su lts  have been  ob tained  for isom etric  te tan ic  
ten s io n  (Table 1.3). In slow m uscle , te tan ic  ten sio n  ap p ea rs  to be 
relatively unaltered  by hyperthyroidism  (Fitts et al., 1980, 1984) or it has 
been  observed to increase by 2 0 % after 6  weeks of horm one trea tm en t 
(Nicol & Bruce, 1981). On the  o ther h an d  in  fast m uscle, in bo th  hypo- 
an d  hyperthyro id  m usc les, te tan ic  ten s io n  h a s  been  show n to he 
unchanged (Nicol & Bruce, 1981; F itts et al., 1980, 1984; Leijendekker & 
Hardveld, 1987).
Conflicting re su lts  have also been  obtained for isom etric tw itch 
ten sio n  (Table 1.3). In slow m uscle, som e investigators have found 
isom etric tension to increase by 30-60%  after 2 -6  weeks of Tg trea tm en t 
(Nicol & Bruce, 1981), w hilst o thers have found it to decrease by 25% 
after 6  weeks of Tg trea tm en t (Gold et al, 1970; F itts et al., 1980, 1984). 
On the  o ther hand . Everts, 1983 found no difference in  the  isom etric 
tw itch tension  of the soleus m uscle betw een the  three different thyroid 
s ta te s  and  Gold et al., 1970 found no difference betw een hyper- and 
euthyroid soleus m uscles.
In fast m uscle, hyperthyro id ism  h as resu lted  in  no significant 
effect on isom etric tw itch tension  (Nicol & Bruce, 1981; F itts  e t al..
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1984) or it h a s  decreased  by 19% (Everts, 1983) w ith respec t to the 
eu thyroid  sta te . W hilst hypothyroidism  h a s  produced  an  increase  of 
12-15%  in  isom etric  tw itch  ten s io n  (Everts, 1983; Leijendekker & 
Hardveld, 1987) w ith respect to the  euthyroid sta te . One study  on the 
triceps su ra e  m uscle  (gastrocnem ius-p lan taris-so leus m uscle  group) 
w hich  is a  com bination  of slow and  fas t m usc les  h a s  show n an  
in te resting  re su lt in th a t  the  au th o r observed a  14% increase  in  the  
hypothyroid s ta te  and  a 9% decrease in the  hyperthyroid  s ta te  w ith 
respect to the euthyroid sta te  (Everts, 1983).
Conflicting re su lts  have also been  obtained w ith respect to Vmax 
(Table 1.3). In slow (soleus) m uscle, investigators (Nicol & Bruce, 1981) 
u s in g  an  ind irect m easu rem en t of Vmax (i.e., u sin g  m axim al ra te  of 
isom etric tension as a valid m easure of Vmax -  Close, 1972; D rachm an & 
Jo h n s to n , 1973) have found an  increase  in the Vmax of hyperthyroid  
soleus m uscles versus (vs.) euthyroid. B ut w hether th is indirect m easure 
is a  valid m easurem ent of Vmax h as  been questioned by F itts et al. (1980) 
who found a  sim ilar re su lt as above b u t observed no change in Vmax 
w hen  m ea su re d  d irectly . It is tac itly  a ssu m e d  th a t  ch an g es in  
contraction time reflect changes in the  intrinsic speed of shortening, b u t 
th is  is no t necessarily  so. Changes in the contraction tim e of the tw itch 
m ay be due to changes in the  am ount a n d /o r  kinetic properties of its SR 
(D rachm an & Jo h n s to n , 1973; Ram irez & Pette, 1974) w ithou t any  
m odification of th e  con tractile  p ro te ins, w hereas Vmax of m uscle is 
determ ined by the ATPase activity of its myosin (Barany, 1967). However, 
some investigators m easuring  Vmax directly have observed an  increase in 
the  Vmax of hyper- so leus m uscle vs. hypothyroid m uscle (Gold et al., 
1970; Montgomery, 1984; Collings & Montgomery, 1990). W hilst, o thers 
have found no change (Fitts et al., 1980, 1984).
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In fast (EDL) m uscle, little inform ation  exists, b u t  F itts  et al. 
(1984) found hyperthyroidism  to have no effect on Vmax of EDL m uscle 
and  Leijendekker & Hardveld (1987) found hypothyroidism  to have no 
effect either.
Table 1.3: Summary of contractile properties of hyper- and hypothyroid slow and fast 
m uscles. The contractile measurement either decreases (dec), remains unchanged (uc) or 
(inc) increases with respect to the euthyroid or the opposite state. More than one entry 
shows the conflicting results obtained by different investigators.
SLOW MUSCLE FAST MUSCLE
Hyperthyroid Hypothyroid Hyperthyroid Hypothyroid
Twitch tension
Contraction time 
Relaxation time
Contraction rate 
Relaxation rate
d ec/u c/in c
dec
dec
inc
inc
inc
inc
dec
dec
dec/uc
dec slightly
uc
inc
inc
inc
Tetanic tension
Contraction time 
Relaxation time
Contraction rate 
Relaxation rate
uc/inc
dec
dec
inc
inc
dec
uc
uc
uc
u c/in c
uc
uc
inc
Vmax uc/in c dec uc uc
28
EFFECT ON MYOSIN AND MYOFIBRILLAR ATPase ACTIVITY
In the soleus m uscle, the  Ca2+ activated m yosin ATPase activity 
h a s  been reported to be decreased in the hypothyroid state , and  increased 
in  the  hyperthyroid s ta te  of the  ra t  (Janssen  et al., 1978; lanuzzo et al., 
1977, 1980; Jo h n s to n  e t al., 1980a; Nwoye et al., 1982). Furtherm ore, 
M g 2 +  activated C a 2 +  regu la ted  m yofibrillar ATPase activity h a s  been 
observed to increase  in  the  hyperthyroid  s ta te , and  decrease  in the  
hypothyroid s ta te  of the soleus m uscle (Janssen  e t al., 1978; Nwoye et 
al., 1982).
On the o ther hand , F itts et al., (1980) have reported no change in 
the  Mg2+ activated actom yosin ATPase activity in hyper- com pared to 
euthyroid soleus m uscles. Moreover, a  recent study, by Fitzsim ons et al. 
(1990) found no difference in  th e  Mg2+ activa ted  C a 2 +  reg u la ted  
m yofibrillar ATPase activity betw een hyper- and  hypothyroid  so leus 
m uscles.
In fast m uscles of the rat, there  is conflicting evidence w ith respect 
to a  decrease or increase in the  C a 2 +  activated m yosin ATPase activity due 
to hypo- and hyperthyroidism  respectively, lanuzzo et al. (1980) found 
the  Ca2+ activated m yosin ATPase activity of the  fast p lan taris  m uscle 
relatively  u n ch an g ed  in  hyper- com pared  to hypothyroid  m uscles. 
W hereas, the  C a 2 +  activated m yosin ATPase activity in the  fas t EDL 
m uscle h as been show n to increase 34% (significant) in hyper- com pared 
to hypothyroid m uscles (Nwoye & M ommaerts, 1981). Although, it m u st 
be borne in m ind tha t, the  C a 2 +  activated m yosin ATPase activity w as 
found  to be decreased  in th e  hypothyroid  EDL m uscle  and  to be 
unchanged  in  the  hyperthyroid EDL m uscle of the  ra t  w hen com paring 
w ith the  euthyroid m uscle (Nwoye & Mommaerts, 1981).
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Furtherm ore, resu lts  obtained by Leijendekker & Hardveld (1987) 
seem  to be in  an  interm ediate position. They have show n th a t the Ca2+ 
ac tiva ted  m yosin  ATPase activ ity  w as n o t sign ifican tly  affected in 
hypothyroid gastrocnem ius m uscles, although the m ean values tended to 
be som ew hat lower th a n  euthyroid m uscles.
A sim ilar k ind  of scenario  exists w hen the  m yofibrillar ATPase 
activity is m easured , for exam ple, the  Mg2+ activated Ca2+ regu lated  
m yofibrillar ATPase activity of the  (white) gastrocnem ius m uscle is 
relatively unaffected by dysthyreosis (Leijendekker & Hardveld, 1987; 
Fitzsim ons et al., 1990). W hereas, m easurem ents of Mg2+ activated Ca2+ 
regulated myofibrillar ATPase activity in the  (red) gastrocnem ius m uscle 
have show n a 53% (significant) increase  in  the  Mg2+ activated Ca2+ 
regulated myofibrillar ATPase activity of hyperthyroid m uscles com pared 
to hypothyroid m uscles (Fitzsimons et al., 1990).
EFFECT ON MYOSIN HEAVY AND LIGHT CHAINS
In the soleus, hyperthyroidism  decreases the  expression of type 1 
skeletal MHC gene, increases the  expression of type llA MHC gene and  
newly induces the expression of the  type IIB MHC gene (G ustafsson et 
al., 1985; Izumo e t al., 1986). Hypothyroidism , on th e  o ther hand , 
deinduces the expression of the type llA MHC gene to undetectable levels, 
and  newly induces the  expression of the embryonic MHC gene, w hilst it 
does not change the level of expression of the type 1 MHC gene, w hich is 
a lready high in  euthyroid soleus m uscles. (Izumo et al., 1986; Diffee et 
al., 1991).
In fast m uscles, hyperthyroidism  deinduces the type ILA MHC gene 
to undetectable levels, w hilst leaving the  expression of th e  type IIB MHC 
gene unchanged, w hich is already high in  euthyroid fast m uscles. On the 
o ther hand , hypothyroidism  increases the  expression of the  type 1 MHC
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gene and  leaves the  expression  of th e  type IIB MHC unchanged  or 
decreases it slightly. It also slightly increases the expression of the  type 
IIA MHC gene or newly induces it in  a  m uscle such  a s  the  TFL (Izumo et 
al., 1986; Diffee et al., 1991).
Although, the  existence or presence of a  p a rticu la r mRNA species 
does no t necessarily  indicate a  priori th a t the  specific pro tein  p roduct 
will be exp ressed . It h a s  b een  show n th a t  w hen  com paring  the 
d istribu tion  of the  MHC mRNA level w ith the  MHC isoform s in  a  given 
m uscle a  sim ilar kind of d istribution  resu lts  (Diffee et al., 1991).
In th is respect, in  slow m uscles, hypothyroidism  generally appears 
to induce an  increase in type 1 MHC con ten t while decreasing type HA 
and IIB MHC content. However, it m u st be borne in  m ind th a t the  soleus 
m uscle had  no type IIB MHC (Diffee et al., 1991).
In fa s t m uscle, hypothyroid ism  slightly, in c reases type 1 MHC 
prim arily  a t  the  expense of a  reduc tion  in IIB MHC (Leijendekker & 
Hardveld, 1987; Diffee et al., 1991).
Furtherm ore, qualitative changes have also been  observed w hen 
studying the distribution of m yosin light chain isoforms.
In slow m uscles, hyperthyroidism  shifts the  profile of the  m yosin 
light chains from slow to fast. In th is  respect, it increases the  levels of 
MLCif and MLCsf and  also slightly increases the  level of MLCsf (lanuzzo 
et al. 1980; Nwoye et al., 1982). Hypothyroidism, on the  other hand , has 
generally the opposite effect. Hypothyroid soleus m uscles are prim arily 
composed of MLCis and MLCgg, with a  small percentage (9%) of fast light 
chains (MLCif, MLCar and  MLCsf) (Nwoye et al., 1982; Fitzsim ons et al., 
1990) or there is a  complete d isappearance of the  MLC2 f (Johnson et al., 
1980a, b).
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In a fast m uscle contain ing  a m ajority of FOG fibres (e.g., red  
gastrocnem ius), hyperthyroidism  slightly reduces the level of MLCis and 
MLCas- Hypothyroidism, on the  o ther hand  increases the  levels of MLCis 
and  MLCgs in  conjunction  w ith decreased levels of MLCif, MLC2 f and 
MLCgf (Nwoye & M ommaerts, 1981; Fitzsim ons et al., 1990).
In a fas t m uscle con tain ing  a m ajority  of FG fibres (e.g., w h ite  
gastrocnem ius) the m yosin light chain  p a tte rn  is largely unaffected by 
dysthyreosis (Fitzsimons et al., 1990), or there is a slight increase in  the 
level of MLC if in hyperthyroid m uscles and a  slight increase in  the level 
of MLCis in hypothyroid m uscles (lanuzzo et al., 1980)
In addition, F itzsim ons et al. (1990) dem onstra ted  th a t, in  slow 
m uscles, hyperthyroidism  w as associated with an  increase in the relative 
am o u n t of fast native isom yosin, w hereas hypo- resu lted  in a  relative 
increase  in the  slow native isom yosin content. Moreover, slow m uscle 
w as found to be m ore responsive to alterations in thyroid sta te  th a n  fast 
muscle.
In short, in  slow m uscle hyperthyroidism  shifts the  p a tte rn  of the 
MHC mRNA levels, native isom yosin isoforms, MHC and  MLC isoform s 
from  slow to fast w hilst hypothyroid ism  re su lts  in  opposite effects. 
Although, a  sim ilar kind of p a tte rn  is observed in fast m uscle it is no t as 
prom inent.
32
EFFECT ON FIBRE POPULATIONS
In the  ra t, th e  thyroid horm one induced a ltera tions in the  fibre 
com position of skeletal m uscle can  be studied  in detail, since one fibre 
type m ay p redom inate  in  a  ce rta in  m uscle, e.g., th e  so leus m uscle 
con ta ins predom inantly  slow-twitch m otor u n its  and  84% of the  to ta l 
fibre num ber are of the SO type, there  are only 16% fast tw itch fibres of 
the  FOG type. The EDL, on the o ther hand  is alm ost entirely composed 
of fast-tw itch m otor un its , 97% of the  fibres are of the  fas t tw itch type 
(59% FOG and  38% FG) and only 3% are slow. Moreover, the TFL m uscle 
is composed entirely of fast-tw itch m otor units, w ith 94% of the fibres of 
the  FG type and 6 % of the  FOG type (Ariano et al., 1973).
There is general agreem ent th a t  in the ra t  soleus, w hich h as been 
used  to rep resen t a  slow m uscle by m any investigators, the  num ber of 
FOG fibres increases and decreases in  hyper- and  hypothyroid anim als 
respectively a t the expense of a  decrease or increase in the  SO fibres from 
the euthyroid sta te  (lanuzzo et al., 1977; Jo h n s to n  et al., 1980a; F itts et 
al., 1980; Nicol & Bruce, 1981; Nicol & Johnston , 1981; Nicol & Maybee. 
1982; Nwoye & M om m aerts, 1981; Nwoye et al., 1982). For example, in 
hyperthyroid m uscles, the  FOG fibres increase from 12-25%  to 25-65% , 
due to a  decrease of 74-88%  to 35-73%  in SO fibres. In hypothyroid 
m uscles, the FOG fibres decrease from 12-25% to 0-8% , w ith an increase 
of 74-88%  to 89-100%  in SO fibres (Table 1.4). The range of values 
exhibited differ widely as a resu lt of different degrees of induced hyper- 
and  hypothyroidism , age and  stra in  differences of the  anim als.
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Table 1.4: Effect of dysthyi*eosis on fibre populations of rat soleus muscles.
Fibre type Hyperthyroid Euthyroid Hypothyroid
SO 35-73% 74-88% 89-100%
FOG 25-65% 12-25% 0-8%
In fast m uscle (the m ajority of investigators have used  the  EDL to 
rep re se n t a fa s t tw itch  m uscle) th e  h is tochem ical re s u lts  in  the  
hyperthyroid  sta te  have shown, the  num ber of FOG fibres to increase 
m ainly due to the  conversion of FG fibres to FOG fibres, a lthough  the 
sm all n u m b er of SO fibres also  get tran sfo rm ed . W hereas in  the  
hypothyroid state, the  SO fibres increase m ainly due to the conversion of 
FOG fibres from the euthyroid  s ta te  (Nicol & B ruce, 1981; Nicol & 
Jo h n s to n , 1981; Nwoye & M om m aerts, 1981; Nwoye e t al., 1982; 
Jo h n s to n  et al., 1983). For example, in  hyperthyroid m uscles, the  FOG 
fibres increase from 55-60%  to 62-73% , due to a  decrease of 34-44%  to 
25-40%  in FG fibres and a  sm all decrease in  SO fibres from 1-4% to 0 - 
1%. In hypothyroid m uscles, the SO fibres increase from 4% to 19%, due 
to a  decrease of 60% to 43% in FOG fibres and  w hereas the  FG fibres 
rem ain unchanged a t 37-38%  (Table 1.5).
Table 1.5: Effect of dysthyreosis on fibre populations of rat EDL m uscles.
Fibre type Hyperthyroid Euthyroid Hypothyroid
SO 0-1% 1-4% 19%
FOG 62-73% 55-60% 43%
FG 25-40% 34-44% 37-38%
34
One study  (Sickles et al., 1987), of the effect of hyperthyroidism  on 
TFL m uscles h a s  show n no change in  the  fibre com position of th is  
m uscle. Control m uscles possessed 95% FG and  5% FOG fibres w hereas 
hyperthyroid m uscles possessed 94.4% FG and 5.6% FOG fibres.
Finally, it m u st be noticed th a t the  anim al s tud ies concerning the 
effects of thyroid horm one on the  fibre composition of skeletal m uscle do 
n o t m ention significant a lterations un til 4 weeks w ith thyroid horm one 
(Nicol & Bruce, 1981). This tim e delay is consisten t w ith the  resu lts  of 
G ustafsson  et al. (1985) who found a delayed onset of thyroid horm one 
ac tion  on th e  FOG MHC gene from  so leus m u sc les . In add ition , 
dysthyreosis has no effect on total num ber of fibres in either slow or fast 
m uscle (Nicol & Bruce, 1981; Nicol & Johnston , 1981; Nicol & Maybee,
1982).
It h a s  b een  suggested  th a t  h is tochem ical changes a re  n o t 
necessarily  accom panied by a ltera tions in shorten ing  velocity. F itts et 
al., (1980, 1984) found increased  num ber of fast fibres in  hyperthyroid 
soleus m uscles b u t no change in the shortening velocity.
T his d isc rep an cy  of an  in c reased  n u m b er of fas t fib res in 
hyperthyroid soleus m uscles w ithout a  change in  Vmax observed by Fitts 
e t al. (1980) w as explained on the basis th a t two types of light chains are 
found in  m yosin from fast tw itch m uscle, LCif and  LCgf. B oth chains 
confer alkali stab ility  b u t  LCsf h a s  an  i n  v i t r o  ATPase activity w hich is 
twice th a t  of LCif (W agner & W eeds, 1977; G au th ie r e t al., 1978). 
Therefore, the  suggestion is th a t the  histochem ical resu lt is a refiection 
of the  p resence of LCif, w hich is know n to increase  in  hyper- soleus 
m usc les (Nwoye e t al., 1982). However, la te r  w ork a t h igher ionic 
s tren g th  show ed no difference in  the  ATPase activity betw een the  two 
different alkali light chain s (Wagner et al., 1979; W agner & Giniger,
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1981).
Moreover, th is  sam e discrepancy of increased num ber of FG fibres 
b u t  unchanged  Vmax in  fast m uscle w as explained by F itts et al. (1984), 
by assum ing  th a t the  FG and FOG fibres have sim ilar Vmax and since 
there is m ainly in ter conversion betw een the two types of fast fibres then  
th e  h istochem ical profile of the  m uscle could be changed w ithou t a  
change in  shorten ing  velocity. However, work on single fibres has show n 
th a t  FG fibres have h igher shorten ing  velocities th a n  FOG fibres (e.g.. 
Reiser et al., 1985a, b).
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EFFECT ON MUSCLE FATIGUE
It is w ell d o c u m e n te d  th a t  h y p e rth y ro id ism  in c re a s e s  
m itochondrial num ber and  the  resp iratory  capacity of h ind  limb m uscle 
m ito ch o n d ria  (G ustafsson  e t al., 1965; W inder & Holloszy, 1977; 
Baldw in et al., 1978; J a n s s e n  e t al., 1978; Nicol & Jo h n s to n , 1981) 
w hereas hypothyroidism  resu lts  in the opposite effect (Baldwin e t al., 
1978; Ja n sse n  et al., 1978; Nicol & Johnston , 1981).
Increases in  the  m itochondrial num ber and  resp ira to ry  capacity  
have been observed following a program  of exercise train ing  (Holloszy & 
Booth, 1976) w here the effect h a s  been  associated  w ith  an  enhanced  
res is tan ce  to fatigue (Fitts et al, 1980). W hether or no t changes w ith 
dysthyreosis have functional im portance  in  the  o n se t of fatigue is 
u n k n o w n . However, one s tu d y  (F itts e t al., 1984) show ed th a t  
hyperthyroidism  delayed the  onset of fatigue in the  so leus w hilst there  
w as no effect on the EDL m uscle.
The metabolic advantage of the  oxidative fibres in these m uscles is 
lost in  the  sk inned  fibre p reparation , th u s  any differences observed in 
co n d itio n s m im icking  fatigue will be due  to th e  reg u la to ry  an d  
contractile proteins. To date no single fibre studies have been reported on 
the  effects of dysthyreosis on contractile  function  u n d e r conditions 
mimicking fatigue.
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SKINNED FIBRE PREPARATION
S kinned  m u sc le  fib res, (i.e., fibres from  w hich  the  su rface  
m em brane h as been  rem oved or m ade highly perm eable by m em brane 
skinning) p re sen t a very prom ising  approach  to  m any  prob lem s of 
m uscle . They allow th e  com position  of the  m yofibrillar space  to be 
a ltered  w h ilst the  s tru c tu ra l o rgan isation  of the  m yofibrils rem ains 
relatively physiological. Therefore, they  have come to be widely used  in 
stud ies on the m echanism s of contraction.
There are  two m ain  techn iques for rem oving the  sarcolem m a, 
e ither m echanical or chem ical (for review see S tephenson , 1981). The 
m echanical techniques involve m icro-dissection of the  sarcolem m a under 
in ert oil (Natori, 1954), splitting of the fibre into two, each coated on one 
side by the  in tac t sarcolem m a (Endo, 1977) and  the  d isrup tion  of the 
sarcolem m a by carefully controlled hom ogenisation (Fabiato & Fabiato, 
1972). This la tte r process is m ainly used  for sk inning  cardiac cells and  
fibres prepared th is way have their SR intact.
The chem ical m ethods involve rendering  the  sarcolem m a highly 
perm eable by chem ical treatm ent. The various m ethods include treating  
fibres with glycerol (Julian, 1971), a  non-ionic detergent such  as Brij 58 
(polyoxyethylene-20-cetyl ether) (Simmons & Szent-Gyorgyi, 1978) or 
tr ito n  X-100 (Miller e t al., 1985) or chelating agen ts su c h  as EDTA 
(ethylenediam ine te tra  acetic acid) and  EGTA (ethylene glycol te tra  acetic 
acid) (Miller, 1979).
Irrespective of the m anner of preparation, the contractile struc tu re  
of the  myofilaments after skinning is accessible to and m ay be influenced 
by the  free Ca2+ concentration of the  bath ing  m edium . The la tter m u st of 
course, contain ATP as an  energy source since skinned fibres are unable 
to syn thesise  it in  th e ,a b se n ce  of su b s tra te s . ATP-containing ba th ing
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m edium  should  also resem ble the  m yoplasm  as closely a s  possible since 
pH, Mg2+ concentration, ionic streng th  and the tem perature  all affect the 
responsiveness of the  contractile s tru c tu re  to Ca2+ (Ashley & Moisescu, 
1977; Godt & Lindley, 1982).
A nother advantage of the  sk inned  fibre p rep ara tio n  is th a t  the  
d irect effect of m etabolites such  as H+, and  Pi on the  contractile system  
can  easily  be a sse ssed . W hilst the  rem oval of th e  SR avoids the  
com plications associated  w ith calcium  m ovem ents. S uch  experim ents 
w ould be im possible  to perform  on live fibres b ecau se  of diffusion 
problem s and the inability to control or m easure variables easily.
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SCOPE OF THE STUDY
The role of thyroid horm ones in  modifying the  characteristics of 
ad u lt m uscle fibres h a s  received considerably less a tten tion  th a n  th a t of 
neu ra l factors. Therefore, th is study  will principally focus on the effect of 
triidothyronine on skeletal m uscles.
The aim s and  objectives of the  study  were as follows:
1) To characterise  the  values of chemically sk inned  single m uscle 
fibres from soleus and  TFL m uscles w ith respect to m axim al isom etric 
ten sion  and  Vmax before em barking on s tud ies  w itli trea ted  anim als. 
However, in  view of the  contradictory  resu lts  reported (e.g., Metzger & 
Moss, 1987; M ounier et al., 1989) for the tension generated by slow and 
fast m uscles/fib res, the  s tudy  will try  to compare the  tension  generated 
by single fibres from slow (soleus) and fast (TFL) twitch m uscles of the ra t 
and  G uinea-pig. The app roach  of u sing  single fibres elim inates the  
inheren t problem s of in terpreting resu lts  from stud ies on whole m uscles 
w hich  u su a lly  co n ta in  he te rogeneous fibre types w ith  re sp ec t to 
contractile properties.
Additionally, m any investigators (Moss e t al., 1982; Reiser e t al., 
1985a, b; Metzger & Moss, 1987, 1990; Godt & Nosek, 1989; M ounier et 
al., 1989) w hen using  single sk inned fibres to m easure  tension  a n d /o r  
Vmax. have initially stored bund les of fibres in glycerol for upto  5 or 6  
weeks before use. This aids in  analysis of more fibres in one m uscle and 
th u s  leads to u se  of less anim als. However, no s tu d y  is know n to have 
studied  the sho rt and  long term  effects of glycerol storage on the values 
of m axim al tension  and Vmax. therefore, a  second aim  w as to ascerta in  
w hether these  variables are affected in  any  m anner. Before underta ldng  
these  experim ents the  optim um  operating tem pera tu re  and  sarcom ere 
length were determ ined.
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2) Firstly, it w as to exam ine if changes in a  pa rticu la r m echanical 
property , Vmax w as changed in  hyper- or hypothyroidism  in sk inned  
fibres from soleus and  TFL m uscles, secondly to exam ine if the isom etric 
ten sio n  w as changed in any  m an n e r and  th ird ly  to correlate  these  
changes, if any, w ith the histochem ical typing of the single fibres. To th is 
end a  technique w as developed w here isom etric tension , Vmax and  the  
histochem ical reaction could be m easured  in the sam e fibre.
S ince only m ild  form s of hyper- or hy p o th y ro id ism  w ere 
adm inistered  the  range of change induced w as fairly narrow  and  th is 
probably rep resen ts  the  extrem e ends of the norm al' spectrum , before 
either full blown hyper- or hypothyroidism  resu lts . T hus it is likely th a t 
th e  con tro l an im a ls  will have  thy ro id  ho rm one  levels sc a tte re d  
th roughou t th is range -  tliough b iased more tow ards the  bottom  end of 
the  spectrum . Therefore, com parison  of hypothyroid w ith control or 
control w ith hyperthyroid m ay no t yield significant differences and  any 
changes would be better highlighted between the two extreme states.
3) In view of the  different characteristics of the T /p C a  relationship 
from euthyroid  slow and  fas t m uscle fibres, the  aim  w as to exam ine 
possible changes in the  T /p C a  relationship  generated by single skinned 
fibres from soleus and  TFL m uscles of hyper- and hypothyroid anim als. 
This would be indicative of any changes in the Ca^*  ^regulatory  proteins 
in  the  sam e type of fibre, a s  identified histochem ically, betw een the  two 
treated  states.
Furtherm ore, if the m ain  effect of hyperthyroidism  is to change a 
slow m uscle into a fast' m uscle and vice versa  in hypothyroidism , then  
th e  T /p C a  re la tionsh ip  of the  hyperthyroid  so leus fibres w ould be 
expected to have charac te ris tics  w hich are m ore ak in  to fas t fibres, 
w hereas the  T /p C a  rela tionsh ip  of hypothyroid so leus fibres would be
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more akin to ‘slow(er)’ fibres.
4) Considerable a ltera tions in in tracellu lar m ilieu are observed in 
fatigued m uscle (e.g. Dawson et al., 1980) and certain  of these  are Imown 
to directly affect the contractile appara tu s (e.g. the decline in pH and rise 
in Pi, Fabiato & Fabiato, 1978; B randt et al., 1982).
Therefore, one of the aim s w as to examine the possible effects of a  
decreased pH (pH 6.6) or an  increased  concentration  of Pi (7.5 mM) on 
the  Ca2+ sensitivity  (T /pC a relationship), m axim um  isom etric tension  
and  Vmax of hypo- and  hyperthyroid soleus and TFL m uscle fibres. An 
in tracellu lar pH of 6 .6  is known to occur in in tac t fibres during exercise 
to the  point of fatigue (Herm ansen, 1981). W hereas 7.5mM Pi has been 
show n to modify the T /p C a  relationship and isom etric tension  (Brandt et 
al., 1982).
Furtherm ore, it h a s  been show n th a t euthyroid fast fibres are more 
sensitive to decreased  pH th a n  euthyroid  slow fibres w ith respec t to 
contractile dysfunction (Donaldson, 1984; Metzger & Moss, 1987, 1988). 
W hereas a t present, there is no reported differential effect of Pi between 
slow an d  fa s t m u sc le s /f ib re s . T hus, an o th e r aim  w as to see if the  
reported  differential effect of decreased  pH existed betw een the  two 
thyroid s ta te s  w ithin each m uscle type, and if there w as any differential 
effect of Pi on th e  so leus and  TFL m uscle fibres from  hyper- and  
hypothyroid anim als.
5) F irstly  to m ea su re  th e  Mg2+ ac tiv a ted  Ca2+ re g u la te d  
m yofibrillar ATPase activity of hypo- and  hyperthyroid soleus and  TFL 
m uscles, and  to determ ine w hether there  w as any difference betw een the 
two d ifferent thyro id  s ta te s  w ith in  each  m uscle  type. Secondly, to 
determ ine the  fibre populations of each of the  four groups (viz., hypo- 
soleus, hyper- soleus, hypo- TFL and hypo- TFL m uscles).
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Thirdly, it w as to determ ine w hether there  w as any  correlation 
betw een the myofibrillar ATPase activity and the  num ber of fast fibres (as 
determ ined histochemically) p resen t in  a  m uscle irrespective of thyroid 
s ta tu s . This is because  the  practice of classifying slow and  fas t tw itch 
fibres by the in tensity  of the histochem ical sta in ing  reaction for myosin 
ATPase is based  upon  the  a ssum ption  th a t the  h istochem ical sta in ing  
reaction  accu ra te ly  reflects the  biochem ical p roperties of the  m yosin 
w hich m ake it fa s t or slow. While th is  re la tionsh ip  appears valid for 
norm al adu lt m uscle (Guth & Sam aha, 1969), it m ay no t necessarily hold 
in  m uscles from hyper- and  hypothyroid anim als, as suggested by  F itts 
e t al. (1980).
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ANIMALS AND TREATMENTS
Male W istar ra ts  w ith in itial body w eights of 230  -  270g and  of 
sim ilar ages (6 - 8  weeks old) were housed  th ree  to a  cage a t a  room 
tem pera tu re  of 18 °C - 20 °C on a  12 hour lights on 1 2  h ou r lights off 
schedu le . All the  an im als w ere provided w ith  food (rat and  m ouse 
modified m aintenance diet BP 801155 W) and w ater ad libitum.
Three groups of male W istar ra ts  were used, viz.
a) Hyperthyroid b) Euthyroid c) Hypothyroid
Thyroid horm one trea ted  an im als were injected in traperitoneally  
for six weeks w ith 400 ug/K g of Liothyronine sodium  B.P. (Tg), dissolved 
in  0.9% NaCl m ade alkaline w ith 1 M KOH and  ad justed  to pH 8.5 w ith 
HCl, every second day due to T3  having a  half-life of 2 days. The dose of 
T3  u sed  had  previously show n a n  increase in the level of circulating T3 ,
by 2-3 tim es, from 0.996 to 2.979 ng /m l, after a  trea tm en t period of six 
weeks w ithout any  significant changes in  norm al growth or development 
of the  experim ental an im als (Nicol & Bruce, 1981; Nicol & Jo h n sto n , 
1981). Euthyroid ra ts  were no t housed  together, b u t picked a t random  
from stock  an im als w ith a  weight and  age range sim ilar to the  treated  
anim als. Euthyroid  an im als were no t injected w ith saline, as  th is  had  
previously  been  found to be u n n ecessa ry  (Nicol & Jo h n s to n , 1981). 
Hypothyroidism  w as induced by dosing the  anim als for six w eeks w ith 
carbim azole/ m ethim azole (70 mg/L) via the  drinking w ater used  by the 
anim als. The dose selected w as to tiy  to ensure  th a t the  anim als gained 
weight normally, i.e. the dose gave a  lowered thyroid horm one level which 
w as, however, a t the  low est end of the  physiological range, i.e., no t 
pathologically hypothyroid (Nicol & Johnston , 1981).
Euthyroid guinea-pigs were kep t in sim ilar conditions as above and  
given food and  w ater ad libitum.
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MUSCLE SAMPLES
The anim als were weighed prior to death  and Mlled individually, by 
a  blow to the  head. Im m ediately after death, the  core tem pera tu re  of 
trea ted  anim als w as taken  by inserting  a  therm om eter into the rectum . 
Thereafter, the  so leus a n d /o r  T ensor Fascia  Latae (TFL) m uscles from 
b o th  h ind  lim bs were d issected  free from fat, connective tis su e  and  
excess tendon.
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HISTOCHEMISTRY
The m uscles were d issected  im m ediately after the  d ea th  of the  
anim al and transverse sections of 2 - 4 mm thick were removed from the 
middle section of each  m uscle. T ransverse 10 |im serial sections were cu t 
and  transferred  onto coverslips. The coverslips were air dried on ice for a t 
le a s t  1 h o u r before be ing  s ta in e d  for th e  ac tiv ities of succin ic  
dehydrogenase (SDH) and for m yosin ATPase (adenosine triphosphatase) 
after acid pre-incubation  and  neu tra l fixation. The histochem ical s ta in s  
produced by these  enzymes were used  for the classification of the  fibre 
types in  the soleus and  TFL m uscles.
Succinic dehydrogenase (SDH) activity
SDH is an  oxidative enzym e localised in  th e  m itochondria . It 
ca ta lyses the  reaction  of su cc in a te  to fum ara te . The corresponding 
re lease  of e lectrons red u ces  th e  n itrob lue  tetrozo lium  sa lt  to the  
insoluble diform azan sa lt w hich become localised as purp le  crystals a t 
the  site of enzyme activity. The num ber of electrons released and  hence 
the  in tensity  of the  colouration achieved is a  m easure  of the  oxidative 
capacity  of the  fibre. F ibres th a t  a re  highly oxidative, su ch  as  FOG 
fibres, have areas of dark  purple localised under the  sarcolem m a and can 
be distinguished from SO and  FG fibres which have lighter and no areas 
of purple sta in  respectively.
SDH activity w as dem onstra ted  by the m ethod of N achlas et al. 
(1957). Sections were im m ersed in Colum bia ja r s  contain ing  100 mM 
phosphate  buffer, pH 7.6, w ith 70 mM sodium  succinate and 1 - 2  m g/m l 
D initrotetrazolium  blue (added ju s t  prior to the  s ta r t of the  incubation). 
Incubation  w as carried ou t in  the  dark  a t 37 °C for 40 m inu tes. The 
sections were th en  thoroughly w ashed for 30 - 60 m inu tes in  distilled 
HgO before being dried and  m ounted, using  a  drop of w arm  glycerol-
46
gelatin, onto microscope slides.
Myosin ATPase activity
One of the  m ost im p o rtan t p roperties of m yosin ATPase is its 
ability  to hydrolyse adenosine triphosphate  (ATP) w hich provides the  
energy necessary  for m uscle contraction. Barany, 1967 showed th a t the 
speed of contraction of a  m uscle w as directly proportional to its m yosin 
A TPase activity. Therefore a  fast fibre is going to have a  faster ra te  of 
hydrolysis of ATP th a n  a  slow fibre and  th u s  the am o u n t of p roduct 
(adenosine diphosphate + inorganic phosphate) formed for any  given time 
will be greater in a  fast fibre th a n  a  slow fibre. The am oun t of inorganic 
p h o sp h a te  (PJ liberated  by th is  reaction is directly proportional to the  
n u m b er of ATP m olecules hydrolysed, and  hence to the  activity of the  
m uscle fibres. The am ount of Pi formed m ay be visualised by converting it 
to the  cobalt sa lt and  converting th is  to the  inso luble su lphide. The 
b ro w n /b lac k  deposit form ed m ay th en  be clearly  seen  u n d e r  light 
microscopy.
To allow for m ore accu ra te  fibre typing, acid p re-incubation  and  
n e u tra l fixation were employed. D ue to the  acid lability of the  m yosin 
ATPase found in  fas t fibres, acid p re-incubation  inactivates fast fibres 
and  only slow fibres are darkly stained, w hilst the  fast fibres are lightly 
stained  by the subsequen t ATPase reaction. Neutral fixation differentiates 
betw een slow and  fast fibres because the myosin ATPase activity of slow 
fibres is slower th a n  fast fibres, th u s  the fast fibres are darkly sta ined  
w hilst the slow fibres are lightly stained.
The activity of m yosin ATPase in  the  different fibre types w as 
dem onstrated  by a  m odification of the m ethod of Davies & G unn (1972). 
The p resen t m ethod utilised an  acid pre-incubation  stage to exploit the 
well d ocum en ted  (G uth & S am ah a , 1969; 1970) d ifferen tia l pH
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sensitivities of m yosin ATPase from fast and  slow fibres. N eutral fixation 
w as used  instead  of alkaline pre-incubation  w hich resu lts  in  a  sim ilar 
effect.
Acid pre-incubation
Sections were incubated  in  Colum bia ja r s  w ith  100 mM sodium  
acetate buffer, pH 4.3, for 10 m inutes a t room tem perature. The sections 
were th en  placed in the  m yosin ATPase in cubation  m edium  described 
below.
N eutral fixation
Sections were fixed for 2 m inu tes a t 4 ° C  in  Colum bia ja r s  w ith 
100 mM sodium  cacodylate buffer, pH 7.0, containing 4% formaldehyde. 
After being quickly w ashed  in incubation  m edium , the  sections were 
transferred to fresh myosin ATPase incubation medium.
Myosin ATPase incubation m edium
Acid pre-incubated or fixed sections were incubated a t 37 °C for 40 
m inutes in Columbia ja r s  w ith 200 mM Tris - HCl, pH 9.5, containing 18 
mM CaCl2  and  2.67 mM ATP. The sections were th en  very quicMy rinsed 
once in  distilled HgO, placed for 2 m inutes in 2% CoClg, rinsed  once 
more in distilled HgO and finally placed for 1 m inute in 0.5% am m onium  
sulphide. After a  thorough w ash in  distilled H^O for 30 - 60 m inutes the 
sections were dried and m ounted, using  a  drop of w arm  glycerol-gelatin, 
onto microscope slides.
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FIBRE TYPING
The slides were exam ined under a microscope and  the fibres from a 
whole m uscle or single fibres were classified as slow oxidative (SO), fast 
oxidative glycolytic (FOG) or fast glycolytic (FG) on the  b asis  of stain ing  
reactions for SDH and  m yosin ATPase. SO fibres exhibit a  low m yosin 
ATPase activity and  a  m oderate oxidative capacity; FOG fibres exhibit a  
h igh  m yosin ATPase activity and  a  high oxidative capacity; FG fibres 
exhibit a  m oderate to high m yosin ATPase activity and  a  low oxidative 
capacity.
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Vmax a n d  ISOMETRIC TENSION
An in trin sic  p roperty  of m uscle is its  ability  to sh o rten  w hen 
activated, and  m axim um  speed of m uscle shortening is one of the m ost 
useful m echanical param eters for characterisation  of the  various types of 
m uscles.
There are two ways of m easuring  the m axim um  velocity a t w hich a  
skeletal m uscle p repara tion  can  shorten . It can  be estim ated  by the  
tra d itio n a l m ethod  of ex trap o la tin g  th e  hyperbo lic  force-velocity  
relationship  (Hill, 1938) to zero external load, Vq. Or it can  be m easured 
from the  tim e it takes a fully activated m uscle fibre to take  up  slack, 
Vmax (Edman, 1979).
The trad itio n a l m ethod  to e stim ate  the  m ax im um  speed  of 
shorten ing , is to allow the  m uscle to sho rten  aga in st c o n stan t loads 
(isotonic) or c o n stan t velocities (isovelocity) and  determ ine the force- 
velocity characteristics of the m uscle over a  range of loads (Hill, 1938). 
Vo is th en  typically estim ated  by fitting the Hill equation  to the  force- 
velocity d a ta  by various m eans and  th en  extrapolating th is equation to 
zero load (Hill, 1938; E dm an et al., 1976; Ju lian  et al., 1986b). However, 
it h a s  been  show n (Edm an et al., 1976; Clafin & Faullm er, 1989) th a t 
th e  fitted hyperbola re su lts  in  less accu ra te  estim ation  of the  force- 
velocity relationship betw een m easured  da ta  points a t low and high loads 
(< 4% and > 80% of m axim um  isom etric tetanic force).
As an  a lternative  to Vo for ch arac te ris in g  in trin s ic  sho rten ing  
velocity, E dm an  (1979) in tro d u ced  Vmax. th e  velocity of un loaded  
shorten ing  determ ined by the  ‘slack  te s t’. The slack te s t is perform ed by 
applying a series of s tep  re leases of varying am p litudes to a fully 
activated m uscle fibre and  m easuring  the tim e required to take u p  the 
re su lta n t slack. The fibre sho rtens u n d er unloaded conditions over the
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m easured  tim e interval if releases are of sufficient speed and am plitude, 
plotting the  du ra tion  of the  unloaded shortening  in tervals w ith release 
am plitudes yields a stra igh t line. The slope of the  line rep resen ts Vmax. a  
d irect m easure  of the  un loaded shortening  velocity of th e  fibre. E dm an 
(1979) d em o n stra ted  th a t  Vmax is n o t different from  Vo (at low and  
interm ediate loads) in  experim ents where both velocities were determ ined 
for the  sam e single skeletal m uscle fibre. The slack  te s t h a s  been used  
subsequently  to m easure Vmax of sldnned single skeletal m uscle fibres by 
m any investigators (e.g., Ju lia n  & Moss, 1981; Metzger & Moss, 1988).
D ue to th e  u n c e rta in ty  of ex trapolating  to zero load and  the  
deviation of the  fitted hyperbola from experim ental po in ts a t  low and 
h igh  loads in  the  trad itiona l m ethod, the  slack  te s t m ethod (Edman, 
1979) w as employed to m easure Vmax- The appara tu s used  w as sim ilar to 
th a t  described by Jo h n sto n  & Sidell (1984).
DESIGN OF THE APPARATUS
The experim ental cham ber w as construc ted  from perspex  and  
contained three w ater-jacketed troughs. The so lu tions were held in 1ml 
capacity  troughs set into the  tem perature  controlled perspex block. The 
fibre w as transferred  betw een experim ental solutions contained in sm all 
troughs on a movable, spring-m ounted  holder. The tem pera tu re  of the 
block w as regulated by w ater w hich circulated th rough  the  cham ber to 
m ain ta in  the  tem pera tu re  of the  solutions. The w ater tem pera tu re  in 
itself was controlled by circulating the w ater th rough  a  w ater ba th . The 
tem pera tu re  of the  so lu tions w as checked in te rm itten tly  th rough  the  
course of an  experim ent (Fig. 2.1).
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Fig. 2 .1 : Diagram of apparatus used in the study for the m easurem ent of isometric 
tension and maximum velocity of shortening. A microscope installed over the bath was 
used to measure the length and diameter of the fibre.
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The tension  m easurem ent u n it consisted of a  sta in less steel hook, 
a ttached  (glued) directly to the  silicon beam  of an  AE 801 s tra in  gauge 
elem ent (Fig. 2.2) average sensitivity 0.4 mNV“  ^ noise < 5 mV and drift < 
1 mVh“ .^ The elem ent was held rigidly in a  screened perspex adapter, and 
m ounted  on a two-way micro m anipu lator to allow for the  ad justm en t of 
fibre length by adjusting  the distance between the hooks. In th is m anner 
the  sarcom ere length (SL) of the  fibre w as set.
Fig. 2 .2 : Diagram of a silicon strain gauge tension semiconductor transducer (AE 800  
series, Alcsjeselskapet Milcro-Electronik, 3191 Horten, Norway). The silicon beam (a) has 
one diffused resistor (b) on each surface of the beam. Bending of the beam causes a 
change in the values of these resistors. The fibre is attached to hook (c). (d) leads.
d
0 .0 1  m m
The displacem ent m easurem ent u n it consisted of a  sta in less steel 
hook a ttached  to a  s to u t b a lsa  wood beam  6  cm  long and  < 2 0  mg in 
weight glued to the  centre of a  loudspeaker coil from w hich m ost of the  
su p p o rtin g  core h ad  been  rem oved. The position  of th e  beam  w as 
controlled by varying the  am ount of cu rren t passing  th rough  a 4 Ohm s 
loudspeaker (Coil m odel RS01N6293). A flag of a lum inium  foil a ttached  
to the  beam  w as arranged to in te rru p t a series of infra  red photo diodes 
and em itters allowing the  position of the beam  to be m onitored. A series 
of 1 0  p re-set 50 pm length steps could be applied to m axim ally activated 
fibres. A typical step release was achieved in < 1.5 m s.
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The signals from the  tension  and  displacem ent tran sd u ce rs  were 
displayed on a  storage oscilloscope (Hitachi V-134) and  photographed on 
35 m m  film. M easurem ents from the  negatives were m ade on a Carl Zeiss 
J e n a  (Germany) projector a t m agnification of 9 X from the screen of the 
oscilloscope to the  pro jector screen . The tension  w as also m onitored 
using  a strip  ch art recorder (JJ  in strum en ts, Southam pton) w hich had  
been  calibrated  w ith s ta n d a rd  w eights for a  range of 0 - 200 mg. The 
calibration of the tension  transducer w as checked every week.
ISOLATION OF FIBRES
The dissected m uscle w as placed in a petri d ish  on ice and  covered 
w ith paraffin oil. The m uscle w as pinned out and  a  sm all am ount of cold 
relaxing solution (see next page) injected into the oil a round  the  m uscle, 
from th is , sm all bund les of fibres were dissected u n d e r a  m icroscope 
using  light transm itted  by optic fibres (avoids 'heating* of the  fibres) and 
transferred  onto a  slide, w ith raised edges, containing a sm all am ount of 
cold relaxing solution. From  these  bundles, single m uscle fibres were 
d issec ted  and  tran sfe rred  onto th e  s ta in less  steel hooks u sin g  fine 
jew eller's forceps. Fibre segm ents w ith a  final length of 1.5 - 2 .5  m m  in 
length  were m ounted  horizontally  in  the  a p p a ra tu s  by  w rapping the ir 
ends around  the two sta in less steel hooks and  secured  using  a  drop of 
m ethacry la te  polym er (perspex)/ acetone glue to cover the  p a r t  n o t 
involved in force generation (Altrlngham & Jo h n sto n , 1982). E ach fibre 
w as th e n  im m ersed  in  the  sk in n in g  so lu tion . The th in  covering of 
paraffin  oil helped prevent dehydration during transference  w hich w as 
complete w ithin 5 - 1 0  seconds.
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SOLUTIONS
All the  chem icals u sed  in  so lu tion  form ation were sigm a grade 
reagen ts. Three se ts  of so lu tions were used: Skinning, Relaxing and  
Activating. Relaxing solution w as used  as the basic  solution from which 
the  other two were modelled. It contained a  buffer system  (Piperazine-bis- 
2-ethane sulfonic acid -  PIPES), a  source of energy (ATP) a  Mg2+ and Ca2+ 
buffer (Ethylene glycol te tra  acetic acid -  EGTA). Activating solution was 
m ade by th e  add ition  of CaCl2  to the  relaxing  so lu tion . Sk inn ing
solu tion  contained 1% (w/v) polyoxyethylene-20-cetyl-ether (Brij 58), a  
non  ionic detergent, in  Relaxing solution. Brij 58 functionally destroys 
the  cytoplasm ic m em brane and  sarcoplasm ic reticu lum  (Orientlicher et 
al., 1974). A rephosphory lating  system  (creatine k inase  and  creatine 
phosphate  -  CP) w as used  to m ain tain  the MgATP concentration  in the 
fibres. Creatine kinase in solid form w as added to a  final concentration 
of abou t 2 0  u n its /m l to the relaxing and  activating so lu tions p rior to 
each experiment.
The com position of all the  solutions w as determ ined w ith the  aid 
of an  iterative com puter p rogram  (Nicol, 1985) w hich incorpora ted  
corrections for pH and  tem pera tu re  on stability  con stan ts . The ligand 
concentrations of all the solutions used  were as follows
EGTA - 15 mM ATP -  6  mM CP - 15 mM PIPES - 20 mM
The concentration of Ca2+, the  ionic species and  ionic s treng th  of 
the various solutions used  is sum m arised in Tables 2.1 -  2.8.
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MEASUREMENT OF SARCOMERE LENGTH AND Vmax
S arcom ere  len g th  w as m ea su re d  in  re lax ing  so lu tio n  a fte r 
a ttach m en t of the  fibre, by passing  a  beam  of light from an  He-Ne laser 
th rough  the  fibre. The diffraction p a tte rn  w as viewed on  a  tran s lu cen t 
screen  placed a t a  fixed d istance above the  fibre. The sarcom ere length 
w as calculated using Bragg's equation for diffraction;
SL = Sin 0
where SL = sarcom ere length, X = wavelength of laser (0.6328 pm) and  
0  = angle subtended by the  zero and  first order diffraction patterns.
In the  initial se t of experim ents sarcom ere length w as ad justed  to 
betw een 3 .0  - 3 .1pm  and  th en  for su b seq u e n t experim ents SL w as 
ad justed  to 2.7 - 2.8pm  which corresponds to the optim um  initial length 
for con traction  in  vivo in  slow and  fas t m uscles (Close, 1972). Fibre 
length (magnified 80 X) and diam eter (magnified 160 X) were m easured in 
situ  u sing  a graticule of a  d issecting  m icroscope. T ension In sk inned  
fibres h a s  been show n to be proportional to cross sectional a rea  (e.g.: 
Hellam & Podolslsy, 1969; Wise et al., 1971). Fibre cross-sectional area 
w as calcu lated  by equating  fibre w idth  to fibre d iam eter assum ing  a  
c ircu lar cross-section. The fibres were chemically sk inned  for > 1 0  m ins 
and  k ep t in relax ing  so lu tion  for > 2  m ins before activation , after 
activation they  were re tu rned  to the relaxing solution.
Vmax of individual fibres w as determ ined by the slack-test m ethod. 
Maximally activated (pCa 4.14) fibres were given a  series of rapid releases 
of increasing  m agnitude su c h  th a t  each release caused  a  rapid  fall in  
tension  to zero and  the  tension  rem ained a t the  zero level, as the  fibre 
sh o rten ed  to tak e  u p  th e  slack . Since the  fibre w as still activated,
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shorten ing  occurred un til the  slack  w as taken  up , a t w hich poin t the  
ten sion  began to redevelop. Following each release the  fibre w as re ­
extended to its original length. The time (T) was m easured  from the onset 
of re lease  to the  po in t (above the  noise level) a t  w hich  the  ten sion  
sta rted  to redevelop. The am plitude of the  release (L) w as pre determ ined 
to steps of 50 pm betw een 1 0 0  - 500 pm. Vmax w as determ ined from the 
slope of a plot of the  applied length change, versus the  tim e betw een the 
length  change and the  poin t w hen tension  redeveloped (Plate. 2.1, Fig. 
2 .3 & 2.4). To express Vmax in fibre lengths per second (Lq S-i), the slope 
of the fitted line was divided by fibre length.
Plate 2 .1 : A typical photograph taken from the storage oscilloscope for measurement of 
Vmax.
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I
Fig. 2 .3 : A line diagram of plate 2.1, supplemented with the 'process' of measurement of 
Vmax- Vmax was determined from the slope of the applied length change (Li. L2 etc.), 
versus the time (Ti, T2 etc.) between the length change and the point when tension  
redeveloped (Pi,  ?2 etc.). The direction of shortening is downwards, tension  
redevelopment is upwards and the temperature was 25 °C. One problem with the slack 
test is the lack of definition of the point at which tension redevelopment starts as a 
result of noise. However, this can be overcome and more consistent results obtained, if a 
line is drawn above the noise level.
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Fig. 2 .4: Representative slack test data for a single soleus fibre. Vmax = 5.03 LqS'^ (Fibre 
lengths per second). Vmax is expressed in fibre lengths per second, where fibre length is 
the end-to-end segment length at which sarcomere length was 2.7-2 .8  pm. Correlation 
coefficient, r=0.997.
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EXPERIMENTAL PROTOCOL
T he in itia l ex p erim e n ts  w ere perfo rm ed  a t  two d iffe ren t 
tem p era tu res  and  th e  concentra tion  of th e  ionic species and  the  ionic 
stren g th  for the  so lu tions u sed  are sum m arised  in Tables 2.1 and  2.2. 
Although, the am ount of added calcium  w as zero, the  calculation for the 
pC a value of calcium  p resen t in the  solu tions, took into accoun t the  
sm all am oun t of contam inating  calcium  p resen t in  the  chem icals used  
for form ulation of the  solutions.
Table 2 .1 : Concentration of the ionic species and the ionic strength at 30 ®C, pH 7.0.
Solution Total [Ca2+] (mM) pCa pMg pMgATP Ionic Strength (mM)
Skinning 0 14.00 3,15 2.25 191.1
Relaxing 0 14. 00 3.15 2 .25 190.4
Activating 15 4.13 3.08 2 .25 199.0
Table 2 .2 : Concentration of the ionic species and the ionic strength at 25 °C, pH 7.0.
Solution Total lCa2+] (mM) pCa pMg pMg.ATP Ionic Strength (mM)
Sldnning 0 14.00 3.12 2 .26 191.  4
Relaxing 0 14.00 3.12 2.26 190.4
Activating 15 4.14 3. 06 2 .26 199.3
Firstly, m axim al isom etric tension  (Pq) and Vmax were determ ined 
in  a  so lu tion  of pC a 4 .14  for sk in n ed  so leus m uscle  fibres a t a 
tem perature  of 29-30 °C and in  a  different population of m uscle fibres a t 
a  tem pera tu re  of 24-25 °C. Secondly, Pq and  Vmax were determ ined a t a 
sarcom ere length of 3.05 pm in  one population of skinned soleus m uscle 
fibres and  a t an  "optimum" SL of 2 .75 pm (Close, 1972; S tephenson  &
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iWilliams, 1982) in another population of muscle fibres.
Once the  tem pera tu re  and  SL to be used  h ad  been decided, as 
25 °C and  2.75 pm respectively (throughout the  re s t of the  thesis , the 
tem perature  was 25 °C and SL w as 2.75 pm for the experim ents on single 
fibres), m easurem ents of Pq and  Vmax were m ade on fibres dissected from 
the soleus and  TFL m uscles isolated from the ra t  and guinea-pig. Fibres 
w hich were tak en  from m uscles on the  day of the  dea th  of the  anim al 
and  on w hich m easu rem en ts were m ade are denoted as being "fresh" 
fibres. F ibres w hich were isolated from stored b u n d les  of fibres (see 
below), taken  from the freezer on the  day of the experim ent, are denoted 
as being "stored" fibres.
STORAGE OF FIBRE BUNDLES
Small bundles of fibres were dissected from soleus or TFL m uscles, 
tied w ith  cotton th read  a t slightly stre tched  lengths to g lass capillary 
tubes, placed in 55% v /v  glycerol-containing relaxing solution (Moss et 
al., 1982) and stored a t -2 2  °C for different num ber of days before use.
Single fibres were then  taken  from these bundles.
The purpose of storing these  fibres w as to decrease the num ber of 
an im als u sed  and to sam ple as m any single fibres from one m uscle to 
cater for any biological variability w hich might exist betw een fibres of the 
sam e m uscles from different anim als. It would also give a  good statistical 
chance  of sam pling  the  different types of fibres p resen t in  any  one 
muscle.
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HYPERTHYROID AND HYPOTHYROID FIBRES
Once the euthyroid fibres had  been characterised w ith respect to Pq 
and  Vmax. these  sam e p a ram ete rs  were m easu red  from hyper- and  
hypothyroid  fibres from th e  so leus and TFL m uscles of the  ra t. In 
addition, a t the  end of the m easurem ents, the single fibres were removed 
onto sm all d iaphragm  pieces and  identified histochem ically  as one of 
th ree  possible groups; FG, FOG or SO (see below). The concentration  of 
th e  ionic species and  th e  ionic s tren g th  of the  so lu tions u sed  have 
already been presented in Table 2.2.
REMOVAL OF SINGLE FIBRES AFTER MEASUREMENTS
After the dissection of the leg m uscles, the  diaphragm  w as quickly 
dissected. The diaphragm  consists of radially arranged fibres runn ing  all 
the way from the  tend inous centre to their insertion  a t the  rib cage. The 
diaphragm  was blotted w ith filter paper, pinned out and  allowed to dry by 
the  hea t generated by a  60 w att bulb in a  table-lam p.
D uring the  course  of the  day, w hen the  experim ent w ith each  
single fibre had  finished. The fibre w as lengthened, u sing  the  micro 
m anipulator, to m ake removal easier. The fibre was th en  taken  ou t of the 
relaxing so lu tion  and  a sm all rec tangu lar piece of d iaphragm , slightly 
sh o rte r th a n  the  length  of the  fibre and  cu t parallel to its own fibres, 
b rough t up  from u n d ern ea th  the fibre, betw een the  two sta in less hooks, 
and  the  fibre gently eased off from the hooks onto the diaphragm  a t a  90 
degree angle to the  fibres of the  d iaphragm  (completed in 1 5 - 2 0  sec). 
The diaphragm  w ith the  single fibre w as placed in  a  petri d ish  on filter 
paper soaked in 0.9% saline (to keep fibre from dehydration) and placed 
in  the  fridge (tem pera tu re  0 - 4 °C). This p rocedure  w as repeated  
th ro u g h o u t the  day w ith each single fibre used, a t the  end of the day.
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several rec tangu lar pieces of the  diaphragm  with individual single fibres 
were m ounted in a  sandw ich m anner onto c iyostat chucks in such  a  way 
so th a t  the  single fibre ends would be cu t transversely. Also on one side 
of th e  sandw ich, a  ‘b lan k ’ (diaphragm  w ithout fibre) w as m ounted  to 
keep the  single fibre on the  next diaphragm  of the sandw ich away from 
the  whole m uscle section. One whole m uscle (dissected a t the  s ta r t  of 
the  experiment) section w as m ounted for support and cross reference on 
either side and  th en  histochem ical stain ing  w as perform ed as described 
earlier. The rationale of m ounting the  single fibres together w ith sections 
w as to provide control values for the  density  of stain ing  in  the individual 
sections of the fibre th a t w as used  for histochem ical assay.
The aim  of th is  p rocedu re  w as to co rre la te  the  con trac tile  
m easurem ents w ith the histochem ical profile of the fibre.
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CALCIUM ACTIVATED TENSION RESPONSES
Three se ts of Ca2+ activated tension responses were undertalcen for 
fibres from soleus and TFL m uscles of hyper- and  hypothyroid rats:
a) In solutions of pH 7.0, 0 mM Pi (pH 7.0).
b) In solutions of pH 6.6, 0 mM Pi (pH 6.6).
c) In solutions of 7.5 mM Pi, pH 7.0 (7.5 mM Pi).
pH 7.0, 0 mM Pi (pH 7.0)
For the calcium  activated tension  responses a t pH 7.0, different 
calc ium  c o n cen tra tio n s  ([Ca2+]) were ob tained  by m ixing the  basic  
relaxing and  activating  so lu tions (Table 2.2) in  different proportions 
(Table 2.3), w ith th is technique a  range of Ca2+ activating solutions were 
obtained where 6.75 > pCa > 4.14.
Table 2 .3 : Ratio of relaxing and activating solutions required to achieve the appropriate 
pCa value at pH 7.0.
Free [Ca2+] (M) p C a  Relaxing : Activating
1.78 X 10-7 6.75 9 :; 2
3.24 X 10-7 6. 49 5 ;: 2
8 .13 X 10-7 6.09 1 : 1
1 .23 X 10-G 5, 91 2 ;: 3
2 .45 X 10-6 5. 61 1 :; 3
7 .24 X 10-6 5.14 1 : 9
7.24 X 10-5 4.14 0 : 1 (neat)
To charac terise  the  Ca2+ sensitiv ity  of ten sion  developm ent in 
single fibres, the T /p C a  relationship  was obtained by exposing the fibre 
sequentially  to so lu tions of increasing  free calcium  concentrations w ith 
the  isom etric tension  being recorded a t each [Ca2+], The fibre w as relaxed
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afte r each  activation  in  relaxing  so lu tion . At the  end  of the  T /p C a  
relationship , m axim al isom etric tension  (P7 .0 ) and m axim um  velocity of 
shortening (Vmax 7.o) were m easured  a t m axim al activation (pCa 4.14, pH 
7.0). The concentration of the  ionic species and the  ionic streng th  for the 
activating solutions used  a t pH 7.0 are sum m arised in  Table 2.4.
Table 2 .4 : Concentration of the ionic species and the ionic strength of the activating 
solutions at pH 7.0.
Solution Total [Ca2+] (mM) pCa pMg pMg.ATP Ionic Strength (mM)
1 2.72 6.75 3.13 2.26 203.5
2 4.29 6.49 3.13 2 .26 203.4
3 7.50 6. 09 3.11 2 .26 203.3
4 9.00 5.91 3.11 2.26 203.2
5 11.25 5. 61 3.10 2.26 203.1
6 13.50 5.14 3.09 2.26 203.1
7 15.00 4.14 3.06 2.27 203.5
pH 6.6, OmM Pj (pH 6.6)
For the  calcium  activated tension  responses a t  pH 6.6, different 
calcium  concentrations were obtained, by mixing the  basic  relaxing a n d  
activating  so lu tions (which were a t pH 6.6) in  different p roportions 
(Table 2.5).
The T /p C a  relationships a t pH 6.6 were obtained by exposing the 
fibre sequentially  to solutions of Increasing free [Ca2+]. At the  end of the 
T /p C a  relationship , a t pC a 4.10, pH 6.6, isom etric ten sion  (Pe.e) and  
m axim um  velocity of shortening (Vmax 6.e) were m easured . Subsequently  
th e  so lu tion  w as changed to pC a 4.14, pH 7.0 and  isom etric tension  
(P7 .0 ) and  m axim um  velocity of sho rten ing  (Vmax 7 .0 ) m easu red . The 
c o n cen tra tio n  of th e  ionic species and  the  ionic s tre n g th  for the
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activating solutions used  a t pH 6.6 are sum m arised in Table 2.6.
Table 2 .5 : Ratio of relaxing and activating solutions required to obtain different Ca2+ 
concentrations for T/pCa relationships at pH 6.6.
Free lCa2+l (M) pCa Relaxing : Acth
1.38 X 10"7 6.86 74 : 1
3.16 X 10-7 6,50 33 : 1
7.76 X 10-7 6.11 14 : 1
1.26 X 10-6 5. 90 9 : 1
2.51 X 10-6 5. 60 5 : 1
6.61 X 10-6 5.18 5 : 2
2 .95 X 10-5 4.53 4 : 3
7 . 94 X 10-5 4 .10 11 : 10
Table 2 .6 : Concentration of the ionic species and the ionic strength at pH 6.6 of the 
different calcium solutions.
Solution Total [Ca^+l (mM) pCa pMg pMg.ATP Ionic Strength (mM)
1 0.40 6.86 3.09 2 .26 206.7
2 0.88 6.50 3.09 2.26 205.7
3 2.  00 6.11 3.09 2.26 203.4
4 3.00 5.90 3.09 2.26 201.3
5 5. 00 5.60 3.08 2.26 197.2
6 8.57 5.18 3.08 2 .26 199.7
7 12.86 4.53 3.06 2.27 196.0
8 14.29 4.10 3.05 2.27 198.3
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7.5 mM Pi, pH 7.0 (7.5 mM Pi)
For the  calcium  activated tension responses a t 7.5 mM Pi, different 
calcium  concentrations were obtained, by mixing the  basic  relaxing and 
activating  so lu tions (which w ere a t pH 7.0, 7.5 mM Pi) in different 
proportions (Table 2.7).
Table 2 .7 : Ratio of relaxing and activating solutions required to obtain appropriate Ca2+ 
concentrations for T/pCa relationships at 7.5 mM Pi, pH 7.0.
Free [Ca2+] (M) pCa Relaxing : Activating
1.78 X 10-7 6.75 9 : 2
3.24 X 10-7 6.49 5 : 2
8.13 X 10-7 6.09 1 : 1
1 .23 X 10-6 5.91 2 : 3
2 .45 X 10-6 5. 61 1 : 3
7.24 X 10-6 5.14 1 : 9
2 .63 X lQ-5 4.58 1 : 36
7 .24 X 10-5 4.14 0 : 1 (neat)
T /p C a  re la tionsh ips were obtained a t 7.5 mM Pi by  exposing the 
fibre sequentially to solutions of increasing free Ca^+ concentrations. At 
the  end of the  T /p C a  re la tionsh ip , isom etric ten sion  (P7.5mM) and  
m axim um  velocity of shorten ing  (Vmax 7.5mM) were m easured . Then the  
so lu tion  w as changed to pC a 4 .14, 0 mM Pi, pH 7 .0  and  isom etric 
tension  (P7 .0 ) and  m axim um  velocity of shortening (Vmax 7 .0 ) m easured. 
C oncen tra tion  of th e  ionic species and  th e  ionic s tre n g th  of the 
solutions used a t 7.5 mM Pi are sum m arised in Table 2.8.
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Table 2 .8 : Concentration of the ionic species and the ionic strength of the activating 
solutions at 7.5 mM P^ , pH 7,0.
Solution Total [Ca2+] (mM) pCa pMg pMgATP Ionic Strengtl
1 2 .73 6.75 3.13 2.26 208.1
2 4.29 6.49 3.12 2.26 207.9
3 7.50 6.09 3.11 2 .26 207.5
4 9.00 5.91 3.10 2.26 207.3
5 11.25 5.61 3.10 2 . 26 207.0
6 13.50 5.14 3.08 2.26 204.7
7 14.60 4.58 3.07 2.26 206.7
8 15.00 4.14 3.06 2.27 207.1
T hroughou t the  experim ents for the  calcium  activated  tension  
responses the  sarcom ere length  w as se t a t 2 .75 |j.m w hich w as the  SL 
used  by Stephenson & Williams (1982) for T /pC a  relationships for fibres 
from slow and fast m uscles. The operating tem perature w as 25 °C.
T /pC a RELATIONSHIP CALCULATIONS
The ana ly sis  of th e  re su lts  for the  T /p C a  re la tio n sh ip s  w as 
undertaken  in the following m anner:
The effect of [C a2+ ] on tension  is presented in two ways:
i) The graphical rep resen ta tion  of the isom etric tension  per u n it 
CSA as a  function of the  pC a (-log [Ca2+]). This lets the  com parison be 
m ade of the absolute contractile strength.
ii) However, the  m ost comm on m ethod of p resen ting  the  effect of 
[Ca2+] on tension is a  graphical represen tation  of relative tension (Pr) as 
a  function of the pCa.
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For the relative T /p C a  relationships a t pH 7.0, Pr w as determ ined 
in  each fibre by expressing isom etric tensions per u n it CSA a t various 
concentra tions of Ca2 + as a  fraction of the  m axim um  isom etric tension  
per u n it CSA (P7 .0 ) obtained during m axim al activation a t pCa 4.14, pH 
7.0.
For th e  relative T /p C a  re la tionsh ips a t pH 6 .6 , relative T /p C a  
relationships were plotted in two ways:
a) Pr w as determ ined in each fibre by expressing isom etric tensions 
per u n it CSA a t each  [Ca2+] (at pH 6 .6 ) as a  fraction of the  m axim um  
tension  generated in  so lu tions of pH 6 . 6  (Pe.e)* h i the  fibres stud ied  a t 
pH 6 .6 , the m axim um  tension  w as always achieved a t a  free [Ca2+] well 
below pCa 4.10, and  higher calcium  led to significantly lower tension. 
T h u s d a ta  for these  fibres w as scaled relative to the  ac tu a l m axim um  
tension  obtained.
b) Pr w as determ ined in each fibre by expressing isom etric tensions 
per u n it CSA a t each  [Ca2+] (at pH 6 .6 ) as a fraction of the  m axim um  
tension  a t pCa 4.14 in  solutions of pH 7.0, (i.e., P7 .0 ).
The first of these  perm itted com parisons of the shape  of the T /pC a 
re la tionsh ips (and hence were used  for the  construction  of Hill plots), 
and  the  second w as used  to com pare the  effect of pH on tension a t each 
pCa.
For the relative T /pC a  relationships a t pH 7.0, 7.5mM Pi, relative 
T /pC a  relationships were also plotted in two ways:
a) Pr w as determ ined in  each fibre by expressing isom etric tensions 
per u n it CSA a t each [Ca2+] (at 7.5mM PJ as a  fraction of the  m axim um  
tension generated in solutions of pH 7.0, 7.5mM Pi (P7 .5mM)* In the  fibres 
studied a t 7.5mM Pi, the m axim um  tension was always achieved a t a  free 
[Ca2+] well below pC a 4.14, and  higher calcium  led to significantly lower
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tension . T hus d a ta  for th ese  fibres w as scaled relative to th e  ac tual 
m axim um  tension  obtained.
b) Pr w as determ ined in each fibre by expressing isom etric tensions 
per u n it CSA a t each [Ca2+] (at 7.5mM Pi) as a  fraction of the  m axim um  
tension  a t pCa 4.14 in  solutions of pH 7.0, (i.e., Py.o)*
The first of these  perm itted com parisons of the shape  of the T /pC a 
relationships (and hence were used  for the construction  of Hill plots) and 
the second w as used  to com pare the effect of Pi on tension  a t each pCa.
T here  w ere severa l q u a n tita tiv e  c h a ra c te r is tic s  w hich  w ere 
indirectly derived from the relative T /pC a  relationships:
The indirect characteristics were obtained from average Hill plots 
of the  relative T /pC a  relationships. A Hill transform ation  of the  da ta  is a 
m eth o d  u se d  to linearize  th e  d a ta  for co n v en ien t q u a n tita tiv e  
com parisons.
The T /p C a  re la tionsh ips can  be linearized according to the  Hill 
equation:
log Pr /  (1- Pr) = n  log [Ca2 +] + h.
w here n  and  h  are constan ts , and  Pr is the  relative tension . A 
stra igh t line is obtained by plotting log Pr/(1- Pr) against pCa.
Hill plots were constructed  by transform ing the  individual relative 
T /p C a  re la tionsh ip  d a ta  to hill p lot d a ta  and  th en  tak ing  the  m ean  of 
th e  re su lts  and  p lo tting  log P r/(1 - Pr) as a function  of pCa. The 
calculated quantitative characteristics were:
a) The th resho ld  (equivalent to 3% of m axim um  tension) for Ca2+ 
activation of tension  developm ent (pCaxn) (calculated from the Hill plots
as the  pC a a t w hich log Pr/(1- Pr) w as equal to -1 .5  ).
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b) The pCaso value {calculated from the Hill p lots as the  pC a a t 
w h ich  log Pr) w as equal to 0) w hich  re p re se n ts  th e  pC a
corresponding to 50% of m axim um  Ca2+ activated ten s io n  response. 
D ifferent values indicate  a  varia tion  of calcium  sensitiv ity  associated  
w ith the contractile appara tus .
c) The Hill coefficient n  (calculated from the  slope of the  b e s t fit 
line) rep resen ts the  num ber n  in  the  Hill equation  w hich provides the 
closest fit to the  experim ental poin ts. The Hill coefficient, n  gives an  
ind ica tion  of the  m axim um  steep n ess  of the  sigm oidal re la tionsh ip  
relating Pr to pCa.
The Hill coefficient n, is the  assum ed  n u m b er of b ind ing  sites 
acting  w ith m axim um  co-operativity. Therefore the  n u m b er of calcium  
ions involved in the  tension  regulation is a t least equal to n. The largest 
value should  be 4 if all four calcium  binding sites of Tn C bind  w ith 
m axim um  co-operativity.
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MEASUREMENT OF MYOFIBRILLAR ATPase ACTIVITY
The so leus and  TFL m usc les from b o th  h ind legs were quickly 
d issected from the trea ted  anim als after death. The central portion from 
one of th e  so leus m uscles w as tak en  for h istochem ical sta in ing , the  
rem aining portion of the  m uscle w as pooled w ith the  o ther soleus m uscle 
and  weighed. Only one TFL m uscle w as weighed and  u sed  (sim ilar in 
w eight to th e  com bined  so leus m uscles) for d e te rm in a tio n  of the  
m yofib rilla r A TPase activity. The o th er TFL m uscle  w as u se d  for 
histochem ical staining. T hus, a  com parison could be obtained betw een 
myofibrillar ATPase activity and  general fibre type population differences.
PREPARATION OF MYOFIBRILS
Buffer A: 10 mM Trts-HCl, 100 mM NaCl, 5 mM EDTA 
Buffer B: 10 mM Tris-HCl, 100 mM NaCl
The preparation  of myofibrils w as based  on the m ethod of Perry & 
Grey (1956). All the  operations were performed a t a round  0 °C in an  ice- 
b a th . The m uscle w as cu t into sm all pieces w ith scissors, placed in  a  
hom ogen isa tion  vessel an d  hom ogenised (Polytron hom ogeniser) a t 
m ed ium  speed  in  10-15 vols, of buffer A, for 3 b u rs ts  of 30s, the  
hom ogenate  p laced  on ice to cool betw een  hom ogen isa tions. The 
hom ogenate w as centrifuged a t 6000g for 10 m ins, and  the  pellet w ashed 
and  re-suspended by a  sho rt hom ogenisation a t low speed in 10 - 15 vols 
of buffer B. The pellet w as re-suspended, homogenised and centrifuged as 
described above a  fu rther 3 tim es. At the  end the pellet w as hom ogenised 
a t m edium  speed in buffer B, for 2 b u rs ts  of 30s, the  hom ogenate placed 
on ice to cool betw een hom ogenisations. The myofibrils were contained 
in  th is  final suspension  of the  hom ogenate, and  were kep t on ice.
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PROTEIN ASSAY
The p ro te in  c o n te n t of m yofibrils w as m ea su re d  u s in g  th e  
m icrobiuret m ethod based  on Itzhaki & Gill (1964). This m ethod is based 
u pon  the  m easu rem en t of the  u ltrav io le t abso rp tion  of the  com plex 
formed betw een protein and  copper in strongly alkaline copper su lphate  
solutions.
The m ethod  involves tak in g  2 iden tical sam p les  of a  p ro te in  
so lu tion . To one is added  reag en t A, to th e  o ther, reag en t B. The 
absorption of both  solutions is th en  read a t 310 nm , and  th a t of reagent 
B + protein (ensures th a t the  contribution to the optical density  (OD) of 
any  complex form ed outw ith  the  co p per/p ro te in  com plex is negated) 
su b tra c ted  from th a t  of reagen t A + protein, giving the final optical 
density . From  th is  value the  p ro te in  con ten t can  be calcu lated  by 
com parison w ith a  s tan d ard  protein calibration curve m ade w ith Bovine 
Serum  Albumin (BSA). Readings m ay be m ade 5 m ins after mixing since 
the  u ltrav io let absorp tion  of the  copper-protein  com plex reaches its 
m axim um  w ithin  th is  period. The absorp tion  is th en  c o n stan t for a t 
least 2 hours.
Reagent A: solution of 0.21% copper su lphate  in 30% sodium  hydroxide 
Reagent B: solution of 30% sodium  hydroxide
1. 2.0 ml dH20 (Blank)
2. 1.7 ml dHgO + 0.3 ml BSA (Im g/m l)
3. 1.1 ml dHgO + 0.9 ml BSA
4. 1.9 ml dH20 + 0.1 ml myofibril solution
Four se ts  of th e  above four te s t- tu b es  were prepared , 1 m l of 
reagent A w as added to two se ts and  1 ml of reagent B w as added to the 
o ther two sets. This was so the assay  could be done in duplicate.
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All the  m ixtures were mixed on a  vortex and  the  optical density  
m easured  after 10 m ins in  a  spectrophotom eter (CECIL) a t 310 nm  in 1 
cm  spectrophotom eter cells. The absorption  of the  sam ple or stan d ard  
against the  appropriate b lank  w as read  and th a t of reagent B + protein 
su b trac ted  from th a t  of reagen t A + protein, giving the  optical density. 
From  th is value the  protein concentration w as calculated by reference to 
a  s tan d ard  protein  calibration curve constructed  w ith BSA in  the range 
of 0 .025 m g /m l to 0.5 m g/m l. Two s tandard  BSA tubes were ru n  with 
each assay  to act as  controls.
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MYOFIBRILLAR ATPase ASSAY
The ATPase activity w as m easured  by a  m odification of the m ethod 
of W hite (1982) and  carried ou t a t room tem perature. All m easurem ents 
of ATPase activity were perform ed on the sam e day  th a t  the  myofibrils 
were prepared.
Solutions used:
1. Myofibrils (5mg/ml) in 100 mM NaCl. 10 mM Tris-HCl. pH 7.2
2. Ca2+ buffer: 62.5 mM Tris-HCl, 3.8 mM MgClg, 0.2 mM CaClg, pH 7.0
a t 25 °C
3. EGTA buffer: 62.5 mM Tris-HCl, 3.8 mM MgCl2 , 0 .2 mM EGTA, pH 7.0 
a t 25 °C
4. 13.3% SDS, 0.12 M EDTA, pH 7.0
5. 20 mM Disodium ATP a t pH 7.0
To 0.55 ml of Ca2+ buffer or EGTA buffer, in  a  test-tube, w as added
0 .1m l of the  myofibril so lu tion , th is  w as m ixed in  a  vortex and  the  
reaction  s ta rted  by  the  addition of 0.1 ml ATP, the  reaction w as stopped 
in  different te s t-tu b es after tim e intervals of 1 m in u p  to 5 m ins by the  
addition of 0.25 ml SDS (sodium dodecyl sulphate). At the  beginning and 
d u rin g  th e  reaction  th e  te s t- tu b e s  were periodically  (every 15 secs) 
vortexed to stop any local build-up of m etabolites, su ch  as ADP and  Pi, 
w hich m ay shift the equilibrium  of the  reaction. Once the  reaction w as 
stopped the  am oun t of Pi w as determ ined by the  phosphate  assay  (see 
below). Appropriate b lanks were also taken, i.e. where the  SDS w as added 
before the  addition of ATP, th is  allows for background  contam ination  
and  any spon taneous hydrolysis of ATP. The assays were perform ed in 
duplicate.
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PHOSPHATE ASSAY
Solution used:
1. 0.5% (w/v) ferrous su lphate, 0.5% (w/v) am m onium  molybdate. 0 .5  M 
H2 SO4 , m ade fresh  daily from a  solution of 1 0 % am m onium  m olybdate, 
10 M H2 SO4  (stable u p  to 6  m onths a t room tem perature), solid ferrous 
su lphate , and  distilled H2 O.
The phospha te  a ssay  w as based  on the  m ethod of R ockstein & 
H eron (1951). To the 1 ml sam ple containing Pi (from the  myofibrillar 
A TPase incubation) w as added  2 m l of so lu tion  1 . T his in itia ted  the  
colour developm ent w hich w as complete after 15 m ins and  stable for a t 
least 60 m ins. The absorbance of the  sam ples w as read a t 550 nm  after 
2 0  m ins.
The am ount of Pi liberated w as calculated from a  curve constructed 
betw een 25 nm oles to 1000 nm oles of phosphate, by using  s tan d ard  
phosphate  solutions in the  place of the  myofibril solution, and  distilled 
H2 O in place of the  ATP solution. The resu lts for the  myofibrillar ATPase
assays were plotted as pmoles of Pi released/m g protein against time. The 
rate  of Pi release was calculated from the slope of the  initial s tra igh t line 
(drawn betw een 0 and 2 m inutes) portion of the ra te  curve. The resu lts  
were expressed in lomoles of Pi released/m g protein/m in.
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CALCIUM SEN SrnvnY
Calcium  sensitivity  show s how  m uch  activity is produced  by  the  
calc ium  in d ep en d en t com ponent of m yofibrillar ATPase activity and  
show s how active troponin  C is in  inhibiting the activity since calcium  
relieves the  inhibition of troponin  C for m uscle contraction.
The calcium  sensitivity w as calculated as follows
f  1  EGTA Mg2+ ATPase 1 _  m  aCalcium  sensitivity (%) = j 1  — Ca2+ Mg2+ ATPase [
HISTOCHEMICAL CALCULATIONS
The slides were examined under a  microscope and the fibres from a 
whole m uscle were traced ou t onto paper using the arm  of a  microscope 
a t a  20“fold m agnification for the soleus and  10-fold for the TFL. Three 
different sections of th e  m uscle  were exam ined and  th e  fibres were 
classified a s  slow oxidative (SO), fast oxidative glycolytic (FOG) or fast 
glycolytic (FG) on the  basis of s ta in ing  reactions for SDH and m yosin 
ATPase.
D ue to the  hom ogeneous d is tribu tion  of fibre types w ith in  the  
m uscles and  the  fac t th a t the  nu m b er of fibres in  the  slow and  fast 
hyper- and  hypothyroid m uscles have been show n to rem ain  co n stan t 
(Nicol & Johnston , 1981), Three sections, selected from different areas, of 
the m uscle were sufficient to obtain accurate fibre type populations.
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CONTRACTILE PROPERTIES OF EUTHYROID SOLEUS AND TFL
FIBRES
The fo rm at of th e  re su lts  p resen ted  in  th is  th es is  is (unless 
otherwise indicated) as follows:
1. R esults are reported as the m ean ± s tandard  error of the  m ean (SEM).
2. N is the num ber of anim als used.
3. The num ber of observations are indicated in parenthesis.
4. Differences between groups are determ ined by the  unpaired  two tailed 
s tuden t's  t-test. Significance is accepted a t p  < 0.05. Two different levels of 
significance were calculated betw een groups, e ither ? < 0.05, denoted by * 
or p < 0.005, denoted by +.
RAT SOLEUS MUSCLE FIBRES AT TWO DIFFERENT TEMPERATURES
The re s u lts  (Table 3.1) show  th a t  th e re  w as no sign ifican t 
difference in either the isom etric tension  (mg) or the m axim um  isom etric 
tension  produced per u n it cross-sectional area (Pq) or in the m axim um  
velocity of sh o rten in g  (Vmax) w hen  the  opera ting  tem p era tu re  w as 
reduced from 30 °C to 25 °C.
It can also be seen  th a t there  w as no difference in  the m ass of the 
ra ts  or the  diam eter of the single m uscle fibres used  for the two se ts  of 
experiments.
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Table 3 .1 : Measurements of euthyroid rat soleus fibres at two different temperatures. The 
sarcomere length (SL) of the fibres was set at 3.05 pm.
Temperature
30 °C 25 °c
Rat weight (g) 376. 98 ± 10 33 (N = 5) 397 28 ± 18 29 (N = 14)
Fibre diameter (pm) 58 26 ± 2 10 (42) 57 04 ± 1 32 (107)
CSAx 10-5 (cm2) 2 81 ± 0 25 (42) 2 70 ± 0 14 (107)
Tension (mg) 34 82 + 2 . 32 (42) 32 06 ± 1 14 (107)
Pq (kN/m2) 133 05 i 8 .33 (42) 129 07 ± 4 77 (107)
Vmax (LoS“ )^ 5 07 ± 0 . 70 (17) 5 64 ± 0 31 (43)
The tem p era tu re  dependence of a  ra te  p rocess or a  m easu red  
quantity  is expressed as its tem perature coefficient (Qiq) where:
9 10 RM7
10
(T2“ T i )
in  w hich RMg and  RM^ are ra te  processes or the quantities m easured, a t 
tem pera tu res T2  and  T^ respectively, and  T2  > T^. Q iq > 1.0 indicates a  
positive therm al dependence; Q io = 1 0  indicates therm al independence 
and Q io < 1 0  indicates declining function with increasing tem perature.
The Qio lor Pq w as 1.06 indicating  therm al independence. This 
observation  is c o n s is te n t w ith  re su lts  ob ta ined  in  whole m usc le  
preparations (Duller e t al., 1968; Close & Hoh, 1968; Close, 1972; Hoh, 
1974; Issacson  et al., 1970; R anatunga, 1977, 1980). F urtherm ore, a  
study  (Stephenson & Williams, 1981) on the sam e kind of preparation  as 
the p resen t one, and  is therefore more comparable, found th a t in skinned 
m uscle fibres isolated from ra t  fast (Extensor digitorum  longus -  EDL) 
and  slow (soleus) m uscles, Pq only increased  slightly (non significant) 
over the  tem perature  range 25 - 35 °C. This resu lt is in  to tal agreem ent
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w ith the  p resen t study  which has found a Q io value of 1.06 (a slight non 
significant increase for the  soleus) over the  tem perature range 25 -  30°C.
The tem perature sensitivity of tension seem s to be a  property of the 
cross bridges ra th e r th a n  the activation system . According to the sliding 
filam ent-attached cross bridge m odel of contraction, tension  depends on 
the  num ber of a ttached  cross bridges and  the average tension  per cross 
bridge (Huxley, 1957). S tiffness in  skeletal m uscle is less sensitive to 
changes in tem perature  th a n  is tension  (Goldman et al., 1987) and  since 
stiffness of a  m uscle during contraction h a s  been taken  as an  indicator 
of the  num ber of a ttached  cross bridges (Ford et al, 1981). This suggests 
th a t  the  tension  generating  capacity  of a cross bridge increases w ith 
tem perature. According to th is argum ent, the prim ary explanation for an  
increased tension  w ith increased  tem perature  is augm ented tension  per 
cross bridge ra the r th an  an  increase in the num ber of cross bridges.
The Q io for Vmax w as 0.81 (non significant) w hich  ind icates a  
decrease w ith a n  increase in tem perature. This observation is in  conflict 
w ith  re s u lts  ob ta ined  by p rev ious investiga to rs (F au lkner, 1980; 
R anatunga, 1982). They found th a t Vmax decreased w ith cooling over the 
tem pera tu re  range 35 - 25 °C in  the  soleus of the  ra t  and  the  EDL of 
m ice respectively. However, b o th  of these  s tu d ie s  u sed  m ulti-fib re  
p re p a ra tio n s  a n d  a re  th e re fo re  m ore th a n  likely  to c o n ta in  a  
he te rogeneous fibre popu la tion  w ith  respec t to in trin sic  sho rten in g  
velocity. T hus it is possible th a t  tem pera tu re  will affect differently the 
various fibres p resen t in these types of preparations. Despite this, we feel 
th a t th is is no t enough to explain the resu lt obtained because stud ies on 
single fibres in  frog m uscle  (Cecchi e t al., 1978) an d  fish m uscle  
(Johnston  & Sidell, 1984) have show n th a t  Vmax h as  a  positive therm al 
dependence. Therefore, the  p resen t resu lt could be a consequence of i)
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th e  s tu d y  is lim ited to only a  5 °C change and  th e  re su lts  are  no t 
significant w hich can only be taken  as being suggestive or ii) the m ethod 
employed. The former of these  explanations is more likely th a n  the  latter.
RAT SOLEUS MUSCLE FIBRES AT TWO DIFFERENT SARCOMERE
LENGTHS
The resu lts  (Table 3.2) show  th a t  there  w as a significant increase 
in tension  and in  Pq of 17% w hen the  sarcom ere length w as reduced from 
3.05 to 2 .75 \x m . B u t there  w as no significant difference in Vmax the 
two different sarcom ere lengths.
Table 3 . 2 : M easurements of euthyroid rat soleus fibres at two different sarcomere 
lengths. The operating temperature was 25®C.
Sarcomere length (SL)
2.75 pm 3 .05 pm
Rat weight (g) 384 57 ± 24 . 52 (N = 10) 397 28 ± 18 . 29 (N -  14)
Fibre diameter (pm) 55 89 ± 1. 55 (42) 57 04 ± 1. 32 (107)
CSA X 10-5 (cm2) 2 53 ± 0. 15 (42) 2 70 ± 0. 14 (107)
Tension (mg) 37 37 ± 2. 67 (42) * 32 06 ± 1 . 14 (107)
Pq (ltN/m2) 150 12 ± 8 49 (42) * 129 07 ± 4 . 77 (107)
Vmax (LqS-^) 5 61 ± 0 54 (32) 5 64 ± 0. 31 (43)
* P < 0.05, 2.75 pm vs. 3.05 pm
The observation  th a t  Pq of the  m axim um  calcium  activated  
sk inned  fibres of the soleus increased  w ith a  decrease of SL (Fig. 3.1) 
from 3.05pm  (near the  top of the  descending limb) to 2 .75pm  (plateau 
region) is consisten t w ith the  length-tension diagram s obtained in  in tac t 
fibre bundles (ter Keurs et al., 1981) and sldnned m uscle fibres of the ra t 
(S tephenson & Williams, 1982). In general term s the  resu lt agrees with 
th e  th e o re tic a l le n g th - te n s io n  re la tio n  (Fig. 3.1) w hich  can  be 
constructed  using  the  rationale of Gordon et al. (1966a), assum ing  the
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bare  zone in  the middle of the m yosin filam ent is 0.25 |u,m and th a t  the 
to ta l leng th s of the  th ick  and  th in  filam ents are  1.6 and  2 .38  \ i m  
respectively (Page & Huxley, 1963; Close, 1972; Luff et aL, 1981; te r 
K eurs et al., 1981). The sm all deviation betw een the  experim ental and  
predicted re su lt is probably due to variations in  th e  sarcom ere length 
w ith in  the  fully activated  sk inned  fibre p repara tio n  (Ju lian  & Moss,
1980).
Fig. 3 . 1: Graphical representation of the isometric tension- sarcomere length relation in 
the rat. The solid line is the predicted tension-length curve. The dotted line, are results 
from Stephenson & Williams (1982). x  represents the results from the present study with 
error bars representing ± SEM
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The resu lt th a t Vmax of the  skinned fibres of the  soleus rem ained 
unchanged  w hen the  SL w as reduced is in agreem ent w ith the resu lt on 
in ta c t single frog m uscle  fibres (Edm an, 1979). T his re su lt can  be 
understood  from the lim ited range of action of the  cross bridge. E ach 
cross bridge h as  a  relation betw een the tension  it exerts and  its length. 
Its leng th  depends on the  position  in  w hich it  form ed, and  on any  
relative m ovem ent of the  th ick  and  th in  filam ents th a t  h a s  taken  place
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since then . W hen it is formed a  cross bridge presum ably exerts tension in 
the  forward direction (a pull), bu t, if shortening occurs while it rem ains 
attached , the tension  will fall. If th is  process continues, the  tension  will 
fall to zero and  th en  reverse. The bridge will th en  be "pushing". Thus, 
particularly  during rapid  shortening the filam ents experience tensions in 
b o th  d irections from th e  cross bridges. At Vmax. w here there  is no 
ex te rn a l ten s io n  opposing  sho rten ing , th e  forw ard  and  backw ard  
tensions balance. Therefore, Vmax should  be independent of the num ber 
of a ttach ed  cross bridges, and , consequently  independen t of filam ent 
overlap. W hen the  m uscle is sho rten ing  a t  Vmax. cross bridges can  
rem ain  a ttached  for less tim e th a n  during  isom etric contraction. Since 
p resum ably  a  finite tim e is required for the rea ttach m en t of a  broken 
cross bridge, the  num ber a ttached  should be fewer during shortening. In 
agreem ent w ith th is  expectation, it is found th a t the  stiffness of rapidly 
shorten ing  m uscle is less th a n  th a t of isom etrically contracting m uscle 
(Ju lian  & Sollins, 1975), and  th a t the  relative in tensity  of the 1 : 1 and 
1 : 0 reflections is changed in a  way th a t is com patible w ith there  being 
fewer cross-bridges attached  (Huxley, 1979).
The p resen t resu lts  (e.g. the  effect on Pq w hen tem pera tu re  or SL 
w a s  changed) ag ree  fav o u rab ly  w ith  p rev io u s  s tu d ie s  w here  
m easurem ents were m ade on the  sam e preparation w hen tem perature  or 
SL w as changed . T his suggests  th a t  p roperties th a t  apply in one 
p repara tion  can  also be seen  in  fibres from two different populations 
even though  there is variability betw een fibres from m uscles of different 
an im als and variability w ithin  the  sam e m uscle betw een fibres. In the 
p resen t s tudy  th is variability h a s  probably been overcome because of a  
n um ber of factors com bining together, i) the weight and  the age of the 
anim als used  was sim ilar ii) the  large num ber of observations m ade and
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iii) the  re su lt th a t  the  diam eter of the  fibres betw een the  changes in 
tem perature  or SL rem ained unchanged, suggests th a t the  fibres sam pled 
were of a sim ilar type. T his is likely to be the  SO type due  to th e  
histochem ical profile of the  ra t  soleus, w hich is 84% SO and 16% FOG 
(Ariano et al., 1973).
It h a s  been  show n th a t  bo th  slow and  fas t m uscle  fibres are 
unaffected by a  tem pera tu re  change between 35 -  25 °C (Stephenson & 
W illiams, 1981) and  there  is no a p p aren t difference betw een the  SL- 
tension  relation in slow and  fast tw itch skinned m uscles (Stephenson & 
W illiam s, 1982). T herefore , O nce th e  op tim um  co n d itio n s w ere 
e s tab lish ed  a s  25 °C for th e  te m p e ra tu re  a n d  2 .75 |im  for SL. 
M easurem ents were m ade for the  soleus and TFL m uscle fibres from the 
two rodents. Thereafter, all subsequen t experim ents on single fibres were 
perform ed a t optim um  conditions.
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FIBRES FROM RAT/GUINEA-PIG SOLEUS AND TFL MUSCLES
For the  m uscles from the  rat, the  tension  w as 56% higher in TFL 
m uscle fibres th a n  in  so leus m uscle fibres (Table 3.3). However, w hen 
expressed per u n it CSA, Fq of the  TFL m uscle fibres w as 16% lower th an  
the  so leus m uscle fibres. The d iam eter w as 35% h igher for the  TFL 
m uscle fibres a s  opposed to the soleus m uscle fibres and  the TFL fibres 
had  a  2.20-fold higher Vmax value th a n  the soleus fibres.
Table 3 .3 : Measurements from euthyroid rat soleus and TFL muscle fibres.
Soleus TFL
I^ t weight (g) 384 57 ± 24 52 (N = 10) 377 30 ± 17 25 (N = 5)
Fibre diameter (pm) 55 89 ± 1 55 (42) + 75 70 ± 2 27 (25)
CSAx lOrS (cm2) 2 53 ± 0 15 (42) + 4 60 ± 0 28 (25)
Tension (mg) 37 37 ± 2 67 (42) * 58 16 ± 4 07 (25)
Pq (kN/m2) 150 12 ± 8 49 (42) * 125 70 ± 6 16 (25)
Vmax (LqS“ )^ 5 61 ± 0 54 (32) + 12 35 ± 0 95 (16)
* P < 0.05, + P < 0.005, soleus vs. TFL
For the  m u sc les  from  the  gu inea-p ig  (GP), the  ten sio n  w as 
significantly higher (45%) in TFL m uscle fibres th a n  soleus m uscle fibres 
(Table 3.4). W hen expressed per u n it CSA the tension w as slightly higher 
(12%) in TFL th a n  in soleus m uscle fibres. The diam eter and  hence the  
CSA of the TFL m uscle fibres w as higher th an  the soleus m uscle fibres by 
16% and 31% respectively. The Vmax of the TFL fibres w as 2.5-fold higher 
th a n  the  soleus fibres. Finally, the  weight of the anim als used  was very 
sim ilar.
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Table 3.4: Measurements of euthyroid guinea-pig soleus and TFL muscle fibres
Soleus TFL
Guinea-pig weight (g) 450. 83 ± 61 78 (N = 6) 452. 52 ± 73 76 (N = 5)
Fibre diameter (pm) 49 63 ± 2 22 (27) * 57 37 ± 2 96 (14)
CSAx 10“  ^ (cm2) 2 04 ± 0 18 (27) 2 67 ± 0 30 (14)
Tension (mg) 27 74 ± 2 60 (27) * 40 29 ± 4 37 (14)
Pq (kN/m2) 135 46 ± 6 52 (27) 152 12 ± 11 39 (14)
Vmax (LqS” )^ 3 92 ± 0 35 (18) + 9 93 ± 1 14 (7)
* P < 0.05, + P < 0.005, soleus vs. TFL
The fibres sam pled from the  soleus and  TFL m uscles from bo th  
rodents would probably have been, of the  SO type from the form er and 
FG type from the latter. This is prim arily due to the histochem ical profile 
of the m uscles. For in  the GP, the soleus is totally composed of SO fibres 
w hereas in the ra t 84% are of the  SO type and 16% are of the FOG type. 
On the  o ther hand , the  TFL m uscles of the GP have 81% FG and  19% 
FOG fibres, and  the TFL m uscles of the  ra t  have 94% FG and  6% FOG 
fibres (Ariano et al., 1973). Therefore, the  m ajority fibre type is SO in the 
soleus and  FG in the TFL m uscles. Secondly, the resu lts  from hyper- and 
hypothyroid fibres (present study), show  th a t w here single fibres have 
been  identified histochem ically, the  fibres isolated from the ra t  soleus 
an d  TFL m usc les  have been  identified  a s  SO type and  FG type 
respectively.
The resu lts  show  th a t sk inned ra t and  guinea-pig soleus and  TFL 
m uscle  fibres (i.e., SO and  FG respectively) generated  ten sions in  a 
narrow  range of 125 -  150 kN/mZ. The values obtained are quantitatively 
com parable to those  observed In earlier s tu d ies  on sim ilar types of 
preparations (Sweeney et al., 1986, 1988; Reiser et al., 1987b; Metzger & 
Moss, 1987; M ounier et al., 1989). However, one s tu d y  (S tephenson &
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Williams, 1982) h as  reported tension  values twice as large w ith sim ilar 
types of preparations, which could be due to the m echanical sldnning or 
the  composition of the solutions employed in  th a t study.
The m axim al tension  resu lts  obtained for the  two types of m uscle 
fibres from the  GP are in  general agreem ent w ith two previous stud ies 
(Gulati, 1976; Tal^agi & Endo, 1977), w hereas they contradict the resu lts 
obtained by Powell et al. (1984), who showed a larger tension  per u n it 
CSA for the  fast ra th e r th a n  the  slow m uscles. For the  ra t, the  resu lts  
agree w ith  those ob tained  by  G ardetto  et al. (1989) on single m uscle 
fibres, b u t  are in  contradiction to the  resu lts obtained by m any previous 
investigators.
F irst of all, on the  whole m uscle level, ra t  fast m uscle h a s  been 
show n to generate larger tension  th a n  slow m uscle (Close, 1972; Powell 
et al., 1984). Although, a recen t s tu d y  by R anatunga & Thom as (1990) 
h a s  show n no ap p aren t difference in  the tension  generated by the  two 
types of m uscles. A sim ilar scenario, exists a t the single fibre level w ith 
som e investigators (Stephenson & Williams, 1982; M ounier et al., 1989) 
observing ab o u t 40% larger tensions in  fast th a n  slow m uscle fibres, 
w hilst o thers (Takagi & Endo, 1977; Reiser et al., 1987a, b; Metzger & 
Moss, 1987; Sweeney et al., 1988) have observed no significant difference.
A lthough, differences exist in  the  lite ra tu re  w ith  respec t to the  
ten sion  generating  capacity  of fibres from slow and  fas t m am m alian  
m uscles, it is generally agreed th a t  there is no m arked difference in  the 
in trinsic  s treng th  of the  cross bridge from different fibre types (Close, 
1972; R anatunga, 1984; Sweeney et al., 1986, 1988; Lucas et al., 1987; 
G reaser et al., 1988; Cham berlain & Lewis, 1989) or any  large difference 
in  the  contractile m aterial per u n it m ass (Close, 1972). Therefore, any 
ap p aren t differences obtained are due to extrinsic factors th a t influence 
activation.
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However, the  difference observed betw een the  so leus and  ra t  
m uscle fibres in  the  p resen t s tu d y  is unlikely to be explained on the 
b asis  of extrinsic factors, since all the  solutions and  p rocedures were 
s tan d ard ised . Therefore, the  p re sen t re su lts  a re  likely to reflect a 
difference in  either the  n um ber of cross bridges a n d /o r  tension  of the 
individual cross bridge.
As far as the  Vmax values were concerned for th e  two different 
rodents, resu lts  obtained were consisten t w ith earlier s tud ies on single 
m uscle fibres (Reiser et al., 1985a, b; Sweeney et al., 1986, 1988) which 
found fibres from fast m uscles to have a  2 -3  fold higher Vmax th a n  fibres 
from slow m uscles. The h igher Vmax of the  fast m uscle fibres is due to 
the  higher ATPase activity of the fast myosin isoenzyme (Barany, 1967).
It w as also found th a t the  Vmax values of the soleus or TFL fibres 
of the  ra t  were higher th a n  th a t of the GP respectively. This is consistent 
w ith the  resu lts  obtained by A sm ussen & M aréchal (1989) and  is to be 
expected on the  b as is  of the  w eights of the  roden ts, since speed of 
contraction  is directly related  to size of the  anim al (Close, 1972). So 
since, GPs are generally heavier th a n  ra ts  the Vmax of the  sam e m uscles 
will be lower in the GPs th a n  the ra ts  and  th is is reflected in the  p resen t 
study  a t the single fibre level.
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EFFECT OF STORAGE ON MUSCLE FIBRES
In figure 3.2, the  resu lts  of stored fibres have been  com pared w ith 
fresh  fibres (0 days). The num ber of observations are  indicated above 
each  colum n, and  the sym bols above the  colum n rep resen t the levels of 
significance (* P < 0.05 or + p < 0.005) between fresh and  stored values. The 
re su lts  are  show n w ith + SEM bars . The colum n on th e  extrem e right 
handside  rep resen ts  the  m ean  + SEM of all the  observations m ade on 
sto red  m uscle fibres. The -  SEM (hidden w ith in  the  colum ns) is no t 
show n b u t is equal and  opposite to + SEM. The extrem e right handside 
colum n value, w hich is an  average of the resu lts  of all th e  stored m uscle 
fibres irrespective of the time stored, is indicative of any  trend  to be seen 
an d  it will have a decreased  ± SEM due to a  la rger n u m b er of 
observations.
Soleus m uscle fibres
There w as no effect on the  diam eter (Fig. 3.2a) of soleus m uscle 
fibres in  the  first 3 weeks of storage. Although, a significant Increase of 
23% w as seen after 26 days, b u t th is w as not susta ined  a t longer storage 
periods, where the  diam eter of the  fibres w as essentially unchanged.
Fi^. 3 .2 : Effect of storage on the diameter, maximum isometric tension per unit cross- 
sectional area (Pq), and Vmax of single sldnned soleus a) to c) respectively and TFL d) to 
f) respectively m uscle fibres of the euthyroid rat. Average weight of the animals used for 
the soleus m uscles was 366.22 ± 17.60 (9) and for the TFL m uscles was 369.22 ± 24.48  
(6).
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There w as also no effect of storage on the  isom etric tension  per 
u n it cross sectional area  (Fig. 3.2b) of the  fibres for a  period of 3 m onths, 
w ith only a  significant decrease of 30% seen after 4 m on ths of storage. 
The decrease seen  in the  tension  after 4 m onths is probably due to the 
effects of glycerol on the  contractile proteins and is no t due to any effect 
of storage on the diam eter.
On the  o ther hand , all th e  Vmax (Fig. 3.2c) values (not all were 
significant) of stored m uscle fibres were lower th an  the  fresh fibre values. 
B u t there  w as no linear or o ther apparen t rela tionship  to describe the 
lower values observed. A significant decrease of 38% (8 days) and 44% (17 
days) w as seen w hen the  fibres had  been stored for sho rt periods (weeks), 
and  a  significant decrease of 51% (83 days) and 41% (132 days), w as also 
seen  w hen the  fibres had  been stored  for longer periods (months). The 
value in  the  extrem e righ t h an d sid e  colum n for Vmax. w hich is an  
average of the  cum ulative values of all the stored m uscle fibres, w as also 
significantly  lower by 24% w ith  respec t to fresh  fibres, w hereas the  
average value for the  d iam eter and  tension  of sto red  fibres rem ained 
unchanged with respect to fresh fibres.
TFL m uscle fibres
A significant decrease of 18% (9 days) and 20% (16 days) w as seen 
during the shorter period of storage, in the diam eter of TFL m uscle fibres 
(Fig. 3.2d). However, the  diam eter of all the o ther fibres w hether stored 
for sh o rt or long periods rem ained unchanged. The decrease in diam eter 
is probably w ithin the  range of sam pling, because if any th ing  glycerol 
would be expected to increase fibre d iam eter due to the  swelling w hich 
m ight occur.
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There was also on the whole no change in the  tension  of the  fibres 
(Fig. 3.2e) except for a  significant decrease of 40% after 24 days of 
storage. The value in the average colum n on the extreme right handside, 
for bo th  th e  d iam eter and  ten s io n  w as essen tia lly  u n ch an g ed  w ith  
respec t to fresh  fibres. On the  o ther hand , all b u t  one (27 days) of the  
Vmax values (Fig. 3.2f) of stored m uscle fibres w as lower th a n  the  fresh 
fibre values. D uring the  sho rte r period of storage, a  decrease of 28% (6 
days), 23% (9 days), 39% (16 days) and  21% (24 days) w as seen  in  the 
values of Vmax (only the value a t 16 days w as significantly lower), w hilst 
in the  longer periods of storage the values of Vmax rem ained unchanged. 
T he average value  of Vmax on th e  extrem e rig h t h a n d s id e  w as 
significantly lower by 14% with respect to the fresh fibres.
The resu lts  (not shown) for the  GP (soleus and  TFL fibres) were 
sim ilar to those obtained for the  rat. Generally, in  the  GP, the diam eter 
w as unchanged  b u t Vmax w as significantly reduced. However, isom etric 
tension w as reduced in the GP w hilst it rem ained unchanged in the rat.
The glycerol trea tm en t did n o t affect the  diam eter in  any m anner, 
th u s  it probably reduced tension either by reducing the num ber of active 
cross bridges a n d /o r  reducing the  intrinsic streng th  of each cross bridge. 
Vmax w as p robably  affected d u e  to the  p a rtia l inac tiva tion  of the  
m yofibrillar A TPase activity by d én a tu ra tio n  of the  p ro teins. In th is  
respect, Jo h n s to n  et al. (1980a) reported  th a t  the  abso lu te  activities 
ob tained  w ith  m yosin prepared  from frozen m uscles were lower th a n  
those from fresh m uscles.
In view of th ese  re su lts  it  w as th o u g h t b e tte r  to u n d e rta k e  
experim ents on fresh fibres because  of the  definite effect of storage on 
Vmax in the ra t and  GP. In addition, it  h as been show n (Nakayama et al., 
1983) th a t glycerinated fibres lose Ca^^ dependent regulation of m uscle
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con traction  and  in  view of the  experim ents to be conducted  on the  
tension-pC a relationships it w as better to use fresh fibres.
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MAXIMAL ISOMETRIC TENSION AND Vmax OF HYPO- AND
HYPERTHYROID RATS
HISTOCHEMICALLY IDENTIFIED SOLEUS AND TFL MUSCLE FIBRES
For bo th  the  soleus and  TFL fibre m easurem ents, the weight of the 
hyperthyroid an im als w as slightly (9%) b u t significantly (P < 0.05) higher 
th a n  the  w eight of the  hypothyroid anim als (Table 4.1), a lthough  only 
mild forms of trea tm en t were adm inistered.
Table 4 .1 : Measurements of single soleus and TFL fibres from rats of different thyroid 
status.
Hyperthyroid Hypothyroid
SOLEUS
Rat weight (g) 4 0 4 . 1 4 ± 1 3 . 3 6 (N = 7) * 370.00 ± 6.95 (N = 8)
Core temperature (°C) 37.86 ± 0 . 1 8 (7) + 36.31 ± 0 . 1 3 (8)
Fibre diameter (jam) 58.  07 ± 0.  98 (67) 56.51 ± 0.92 (83)
CSAx 10-5 (cm2) 2 . 7 0 ± 0.  09 (67) 2 . 5 6 ± 0 . 0 8 (83)
Tension (mg) 3 4 . 2 7 ± 1 . 6 7 (67) + 4 3 . 8 1 ± 2 . 1 0 (83)
Po (kN/m2) 1 2 7 . 1 2 ± 5.  87 (67) + 1 6 9 . 0 2 ± 6.62 (83)
Ymax (LqS" )^ 6.58 ± 0 . 3 2 (51) * 5 . 5 2 ± 0 . 2 7 (55)
TFL
Rat weight (g) 413.83 ± 7.86 (N = 6) * 3 6 9 . 6 7 ± 17.25 (N = 6)
Core temperature (°C) 3 7 . 1 8 ± 0 . 3 4 (6) * 36.25 ± 0 . 1 7 (6)
Fibre diameter (pm) 69.  97 ± 2 . 1 4 (40) 6 9 . 7 5 ± 1.  92 (37)
CSAx 10-5 (cm2) 3 . 9 9 ± 0.27 (40) 4 . 0 3 ± 0.26 (37)
Tension (mg) 47 . 08 ± 2.87 (40) * 5 5 . 2 5 ± 2 . 41 (37)
Po (lîN/m2) 1 2 1 . 3 0 ± 6.80 (40) * 1 4 2 . 7 3 ± 6.38 (37)
Ymax (LqS'^) 1 3 . 8 1 ± 0 . 5 0 (34) * 11.18 ± 0.65 (7)
* P < 0.05, + P < 0.005, hyper- vs, hypothyroid
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For b o th  s e ts  of ex p erim en ts , th e  core te m p e ra tu re  w as 
significantly lower in hypothyroid th an  in the hyperthyroid anim als.
The slight, b u t  s ign ifican t, h igher w eights observed in the  
hyperthyroid anim als com pared to the  hypothyroid an im als is probably 
due to the  range of w eights (230 -  270 g) of the  anim als taken  before the 
tre a tm e n t w as s ta rte d . Since th e  protocol u sed  to induce  hyper- or 
hypothyroidism  h a s  been found to show no significant difference between 
the  weights of hyper- and  hypothyroid anim als (Nicol & Johnston , 1981). 
In essence, the  trea te d  an im als  rem ained  in a  n e t anabolic  s ta te  
th roughou t the  six week period of treatm ent, since trea ted  anim als had  
w eights w hich were no t significantly different from euthyroid  anim als. 
The thyroid horm one levels were no t m easured, as they  had  been shown, 
previously, (Nicol & B ruce, 1981; Nicol & Jo h n s to n , 1981) using  the  
sam e m ethod of treatm ent, to increase to 2.979 ± 0.443 n g /m l in  thyroid 
trea ted  anim als and  decrease to 0.56 ± 0.004 n g /m l in thyroid deficient 
anim als. However, as a  p recau tion  the  core tem pera tu re  of the  trea ted  
an im als w as tak en  a t death . This is an  Indirect m easu re  of the  b asa l 
m etabolic rate, w hich is known to increase in hyperthyroid and decrease 
in  hypothyroid an im als (Winder et al.. 1975; Ja n ss e n  e t al., 1978). The 
b asa l m etabolic rate  can be increased by upto  100% w hen the  levels of 
circulating thyroid horm ones are h igher th an  norm al. Conversely it can 
be decreased as m uch  as 50-60%  in  severe hypothyroidism . Associated 
w ith  changes in  the  b a sa l m etabolic ra te , a re  chang es in oxygen 
consum ption  and the  production of hea t (Baldwin et al., 1978; J a n sse n  
et al., 1978).
It m u s t be pointed o u t th a t  the  hyperthyroid an im als would be 
expected to have a n  u n ch an g ed  core tem p era tu re  w ith  re sp ec t to 
euthyroid anim als and it would be the hypothyroid anim als which would 
have a sligh tly  low er core tem p era tu re  w ith  re sp e c t to eu- and
95
hyperthyroid  anim als. Therefore, the  lower core tem p era tu re  of hypo- 
th a n  of hyperthyroid anim als in  the  p resen t study  confirm s the  thyroid 
s ta tu s  of the anim als.
H istochem ically , none of the  fibres sam pled  from  the  so leus 
m uscle of treated  anim als were identified as being of the  FOG type, th u s  
all the  fibres sam pled were of the  SO type (Plate 4.1). Similarly, all the  
fibres sam pled from TFL m uscles of treated  anim als were of the FG type 
w ith none being identified as the FOG type.
To u n d e rs ta n d  th is , it  m u s t be borne in  m ind th a t  firstly  the  
num ber of fibres used  from any  individual m uscle w as betw een 5 to 1 2  
depending on how easy it w as to dissect the single fibres. Therefore, from 
a  m uscle con tain ing  ab o u t 2500-4000  m uscle fibres (Nicol & Bruce,
1981) only a  tiny num ber of fibres w as being sam pled, th is  problem  w as 
unavoidable since the  m uscle fibres could not be stored for any length of 
tim e. Secondly the  size of th e  SO and  FG fibres w as larger (Nicol & 
Bruce, 1981; Sickles et al., 1987), therefore it w as m uch  easier to dissect 
these, a lthough an  effort w as m ade to dissect sm aller sized fibres it was 
very difficult to d istinguish  betw een the  sizes un til ac tual m easurem ents 
were m ade and as can  be seen  (Nicol & Bruce, 1981; Nicol & Johnston , 
1981; p resen t study) there  is no t a  large difference in  the  sizes of the 
different types of fibres in a  m uscle. Thirdly the  histochem ical profile of 
the m uscles used  w as such  th a t the  FOG fibres were always presen t as a 
low m inority (present study).
A lternatively, it could be th a t  the  FOG type fibres can n o t be 
identified using  th is  technique, b u t  th is  is highly unlikely, since they  
were p resen t w hen sm all bund les (5-15 fibres) of fibres were taken  and  
analysed histochemically.
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Plate 4 .1 : Photographs of single m uscle fibres from soleus m uscle. Scale 
b a r represents 50 gm.
a) SDH sta in
b) Acid pre-incubated ATPase sta in
c) ATPase sta in  (neutral fixation)
The fibres show n in the  photographs were identified as being of the 
SO (Slow Oxidative) type. They s ta in  m oderately, intensely and  lightly in 
the  SDH, acid p re-incubated  and  neutrally  fixed sta in s respectively.
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There w as no significant difference in the  diam eter of the  fibres 
sam pled  betw een the  two thyroid  s ta te s  in  e ither the  fibres from the 
soleus or TFL m uscles (Table 4.1). Firstly, th is suggests the  sam e type of 
fibres were sam pled in the  different thyroid sta tes, concurring w ith the 
histochem ical resu lts  obtained. Otherwise, a  decreased diam eter would 
have been observed for hyper- soleus vs. hypothyroid soleus fibres and a  
decreased diam eter would have been observed for hyper- or hypothyroid 
TFL vs. euthyroid TFL fibres. Since it is known th a t different m uscle fibre 
types have different sizes, e.g., in  soleus, SO fibres are  larger th a n  FOG 
fibres (Nicol & Bruce, 1981; p resen t study) and FG fibres are larger th an  
FOG fibres in  TFL (Sickles et al., 1987; p resen t study). F ibre in te r 
conversion occurs from the  large sized SO fibres to the  sm all sized FOG 
fibres in the  hyper- so leus m uscles and  vice versa  in the  hypothyroid 
soleus (Nicol & Bruce, 1981; Nicol & Jo h n s to n  1981), W hereas in the 
TFL, The large sized FG fibres in te r convert to sm all sized FOG fibres in 
b o th  trea ted  s ta te s  (p resen t study). Secondly, it suggests  th a t  mild 
dysthyreosis does no t affect the diam eter of the sam e type of fibres in any 
significant m anner, showing th a t no large scale s tru c tu ra l changes occur 
in  the  fibre.
In view of the  above resu lts, for the  purpose of th is study  all fibres 
tak en  from the  soleus m uscles will be trea ted  as being of the  SO type 
w hereas fibres taken  from the TFL m uscles will be treated  as being of the 
FG type, un less there  is evidence to suggest otherwise e.g., the diam eter 
of the  fibres sam pled. Therefore any change th a t is seen  is due to the 
effect of dysthyreosis on the  SO or FG type fibre, as opposed to an  effect 
being due to fibre conversion, w hich is know n to occur as show n by 
whole m uscle h istochem istry  (Nicol & Jo h n sto n , 1981; Nicol & Bruce, 
1981; Nicol & Maybee, 1982; present study).
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In bo th  types of m uscles, fibres from hyperthyroid an im als were 
found  to generate  less m axim um  isom etric ten sion  th a n  fibres from 
hypothyroid an im als (Table 4.1). These re su lts  agree w ith  m axim um  
isom etric tw itch tensions obtained by au tho rs working on whole m uscles 
(Gold et. al., 1970; F itts et. al., 1980, 1984; Everts, 1983; Leijendeltker & 
Hardveld, 1987).
The resu lts  obtained on whole m uscles m ight be explained by  the 
observation, th a t it h a s  been  show n hyperthyroidism  reduces relaxation 
tim e w hilst hypothyroidism  prolongs relaxation tim e (Gold e t al., 1970; 
F itts e t al., 1980, 1984; Jo h n s to n  et al., 1980b; Nicol & Bruce, 1981; 
Nicol & Maybee, 1982; E verts, 1983) and  since relaxation  is m ainly 
b ro u g h t ab o u t by th e  re -u p tak e  of Ca^+ into the  SR. A reduction  of 
re laxation  tim e im plies a n  increased  ra te  of Ca^+ u p tak e  into th e  SR 
w hilst a  prolongation im plies the  opposite. An increased  rate  of Ca2+ 
uptalie  m ight resu lt in a lower cytosolic free Ca^^ concentration, w hich 
in  tu rn  would decrease the  active tension  as seen  in hyperthyroidism . 
W hilst a  decreased rate  of Ca^+ up take  m ight resu lt in a  higher cytosolic 
free Ca '^*' concentration, w hich in tu rn  would increase the  active tension 
as seen in  hypothyroidism .
Evidence for effects of dysthyreosis on the Ca '^*' tran sp o rt function 
of SR is p rov ided  by ex p erim en ts  of sev era l in v es tig a to rs . In 
hyperthyroidism  an  increased rate  of Ca2 + up take  h as  been observed in 
so leu s m uscle  (Kim et al., 1982; Nwoye et al., 1982) w hereas in 
hypothyroidism  a  decreased rate  of Ca^ *** uptake is found in a  preparation 
of all h ind  limb m uscles (Fanburg, 1968) and  in  gastrocnem ius m uscle 
(Simonides & Hardveld 1985).
A lternatively the  resu lts  on whole m uscle p repara tions m ight be 
explained by activation  of fewer m uscle fibres in  hyperthyro id  fas t 
m uscles and activation of more m uscle fibres in hypothyroid fast m uscles
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w hich  w ould lead to a decreased  and  increased  isom etric  ten sion  
respectively . This m igh t be th e  case  because , a  red u c tio n  in  the  
m em brane potential and  an  increase in the thresho ld  for the generation 
of the  action  po ten tial have been  observed in  fas t skeletal m uscle of 
hyperthyro id  ra ts  (McCardle e t al., 1977) w h ilst a  decrease  in the  
th resho ld  for the  generation  of the  action po ten tial together w ith an  
increase in  action-potential am plitude have been  described to occur in 
fas t m uscles of hypothyroid ra ts  (Grossie, 1978). According to several 
au th o rs  (McCardle et al., 1977; Grossie, 1978; Hofm ann & Denys, 1972) 
th e  observed a ltera tions in the  excitability of the  sarcolem m a due to 
hypo- or hyperthyroidism  m ight resu lt in the activation of fewer m uscle 
fib res in  th e  hyperthy ro id  s ta te  an d  m ore m usc le  fib res in  th e  
hypothyroid state.
However the  p resen t re su lts  on single m uscle  fibres can n o t be 
explained by either of the  two explanations which m ay be valid in whole 
m uscle  p rep a ra tio n s. The re su lts  suggest e ither an  increase  in  the 
tension per cross bridge of hypo- fibres with respect to hyperthyroid fibres 
a n d /o r  num ber of strong cross bridges have increased.
Since MLC2  phosphory lation  h a s  been show n to enhance  post 
te tan ic  tw itch tension  in  euthyroid skeletal m uscles (M anning & Stull,
1982), it is possible th a t  the  h igher tension  in hypothyroid fibres is a  
consequence of a  higher degree of MLCg phosphorylation in hypo- fibres 
as opposed to hyperthyroid fibres. A possible m echanism  for increased  
MLCg phosphory la tion  could be for hypothyroidism  to increase  the  
activity of the  m yosin light chain  k inase  (MLCK) w hich  catalyses the  
phosphorylation reaction.
How ever, L eijendekker & H ardveld  (1987) show ed  MLC2  
phosphorylation to be sim ilar betw een eu- and hypothyroid fast m uscles 
a n d  th ey  observed  no d ifference in  th e  MLCK ac tiv ity  e ith er.
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F u rth erm o re , s te ad y -s ta te  isom etric  ten sion  a t  s a tu ra tin g  calcium  
c o n c e n tra tio n s  h a s  b e e n  sh o w n  to be u n c h a n g e d  by  MLC2  
p h o s p h o ry la tio n , in d ic a t in g  t h a t  te n s io n  is u n a ffe c te d  b y  
phosphorylation (Persechini e t al., 1985; Metzger et al., 1989). Therefore, 
a  h igher degree of MLC2  phosphorylation is unlikely to accoun t for the  
increased tension in hypothyroidism .
A lternatively, the  n u m b er of s trong  cross b ridges could have 
increased  th rough  an  increase in  contractile protein, b u t  th is does not 
seem  to be the  case. F irstly only mild trea tm en ts were used  w hich did 
n o t significan tly  a lte r  th e  no rm al grow th an d  developm ent of the  
an im als . Secondly, for th e  co n trac tile  m ass  to have in c reased  a  
significant difference in  m uscle weight betw een hyper- and  hypothyroid 
m uscles should  be observed, b u t  th is  w as no t the  case (present study) 
and  the fibre d iam eter would be expected to increase in hypothyroidism  
to reflect the  h igher contractile m ass, b u t th is  w as no t observed either 
(present study). A nother factor would be the phenotype of the  fibre w as 
n o t changed, as reflected by the histochem ical resu lts , suggesting only 
m inor m odifications in the  contractile p ro teins w hich are know n to be 
isom orphic with the exception of actin  (Swynghedauw, 1986).
Finally, the  increase in  tension per cross bridge a n d /o r  num ber of 
cross bridges in hypothyroid m uscle fibres could be due to a  change in 
the  MLC profile from fast to slow in  the  soleus and TFL m uscle fibres. It 
is possible th a t  th e  MLC profile could in  some m an n er m odulate the 
tension , as to how th is  m ight occur is no t appaien t. Interestingly, the 
observed higher ?o in euthyroid soleus fibres th an  TFL euthyroid fibres in 
the  p resen t study  is consisten t w ith the idea th a t the  presence of slow 
light chains m ight enhance Pq.
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Although the  resu lts  on whole m uscles have been explained on the 
b a s is  of increased  /  decreased  Ca2 + up tak e  or activation of m o re /le ss  
fibres, in  view of the  p resen t resu lts they  would be be tter explained by an  
effect m ostly  on th e  co n trac tile  p ro te in s . F irstly , th e  p e rcen tage  
in c re a se /d ec rea se  observed on whole m uscles is com parable to the  
p resen t study  which h a s  used  only mild forms of treatm ent. Therefore, if 
the  effects were additive (e.g., increased intrinsic s treng th  and decreased 
Ca2 + uptake) then  a  m uch  larger % increase/decrease  would be expected 
on whole m uscles th an  th a t observed.
Secondly the increased /decreased  Ca^^ up take  could be countered 
by an  in c re a sed /d ec rea se d  release  of Ca^^ from  the  SR in  the  first 
in stance, th u s  ensuring  a  sim ilar active Ca2 + concentra tion  a round  the  
con tractile  filam ents in  different thyroid  s ta te s . In fact it h a s  been  
reported  (Fitts et al., 1980) th a t  thyroid  horm one in d u ces a  large 
proliferation of the  SR w ith  a  sim u ltaneous increase  in  Ca2+ pum ps 
suggesting an  increased am ount of Ca^^ release w hich could be cancelled 
by  th e  in creased  Ca^"^ u p tak e , po in ting  to a  sim ila r active Ca^^ 
concen tra tion  a round  th e  contractile  filam ents. Furtherm ore, a  larger 
release of Ca^^ by the  SR is suggested by the finding th a t Ca2+ release 
after K+ depolarisation w as significantly enhanced in soleus m uscles of 
hyperthyroid ra ts  (Hardveld & C laussen, 1984).
Thirdly, the  activation of m o re /le ss  fibres would n o t explain the  
re su lts  from the  so leus m uscle as the  excitability of the  sarcolem m a 
m em brane is no t affected in dysthyreosis (Grossie, 1978).
The p resen t resu lts  could be a partia l explanation as to why the 
w eakness in  hypothyroidism  is less p rom inen t in  com parison  to the  
hyperthyroid  s itu a tio n  (Ramsay, 1974). T hat is, it is the  tension  per 
cross bridge a n d /o r  n u m b er of cross bridges w hich have changed in 
addition to any other changes which m ight occur.
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For bo th  the  so leus and  TFL fibre m easu rem en ts , Vmax of the 
hyperthyroid  fibres w as significantly h igher (P < 0.05) th a n  hypothyroid 
fibres (Table 4.1).
To our Imowledge, th is is the  first study  on skinned single m uscle 
fibres from hyper- an d  hypothyroid ra ts . It h a s  show n a  significant 
increase in Vmax of hyper- fibres com pared to hypothyroid fibres w ithout 
a  change in the  fibre type, a s  identified histochem ically. Furtherm ore, 
th is  difference in  Vmax due to the  thyroid sta te  occurs in  both  the soleus 
and TFL m uscles.
Since sk inned  fibres were used , and  since th e  com position of 
so lu tions bath ing  the  contractile p ro teins were carefully controlled, any  
d ifferences in  co n trac tile  perfo rm ance  sh o u ld  be  a ttr ib u ta b le  to 
differences in the  contractile  ap p ara tu s . M easurem ents for Vmax were 
m ade a t m axim ally activating calcium  concentrations. T hus contractile 
differences would be due to altera tions in either m yosin or actin  ra th e r 
th a n  the  regulatory  p ro te ins (tropomyosin and troponin). Since actin  
isoenzym es have n o t been  dem onstra ted  to vary am ong ad u lt skeletal 
m uscle types (Vanderckhove & Weber, 1979). the observed variations in 
Vmax are m ost likely due to m yosin varia tions w hich  suggests  th a t 
dysthyreosis induces a change in the isomyosins.
Secondly th is  increase h as  been  shown to occur in the sam e fibre 
type, suggesting th a t  m yosin ATPase fibre typing does no t correlate w ith 
sm all changes in  Vmax (only a  sm all change w as observed due to the 
sam e type of fibre being sam pled, otherwise a  2-3 fold increase would 
have been  observed for the  soleus m uscle fibres due to the  FOG fibres 
being 2-3 tim es faster w hereas in the  fast m uscle a sm aller change (if 
any) would have been observed) or is no t sensitive enough to detect these 
changes. However, the  m ostly likely explanation is an  extension of the 
la tte r reason which is a change in  the light chains of the fibres sam pled.
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This is prim arily because it h as  been shown th a t the  histochem ical 
fibre typing of myosin ATPase activity depends on the predom inant type of 
MHC (MHC m ay exist in the sam e fibre in m ore th a n  one isoform, the 
h istochem ical reaction  being d ic ta ted  by the  p red o m in an t isoform  -  
Reiser e t al., 1985a; Danieli-Betto, 1986; S taron  & Pette, 1987a, b) b u t 
no t on the MLC p resen t in the  fibre (Staron & Pette, 1987a, b). Indeed it 
h a s  been dem onstrated  th a t the three types of fibres correspond to three 
different m yosin heavy chains (Danieli-Betto et al., 1986) and  these are 
coded by th ree  different genes (Izumo et al., 1986). Furtherm ore it h a s  
b een  show n th a t  Vmax in  fibres co rre la tes h ighly  w ith  th e  MHC 
com position of the  fibre (Reiser et al., 1985a, b; E dm an  et al., 1988; 
Sweeney et al., 1988) b u t  it h as  also been show n th a t  alkali light chains 
(G reaser e t al., 1988; Sweeney et al., 1988) and  th e  phosphorylatable  
light chains (Moss et al., 1982; Hofm ann et al., 1990) have a m odulatory 
effect on Vmax- Moreover, a  recent study  (Lowey et al., 1993) h a s  show n 
th a t bo th  c lasses of m yosin light chains are essential for physiological 
speeds of shortening.
Therefore, a  ten tative conclusion is mild dysthyreosis m odulates 
Vmax in the  fibres by a  change in  the  myosin light chain  profile. Indeed 
changes in syn thesis of specific m yosin light chains have been reported 
in hypo- (Johnson e t al 1980a, b) and  hyperthyroidism  (lanuzzo et al., 
1980; Nwoye et al., 1982).
This increase in the  Vmax w ithout a  change in  the  fibre type m ay 
explain  w hy th e  changes in  m uscle  con tractile  p roperties precede 
detectable effects on the  d istribution of fibre types (Nicol & Bruce, 1981). 
Nicol & Maybee (1982) a ttribu ted  th is  effect on the reduced elasticity of 
the  soleus m uscle w hich could be due to the catabolic effects of thyroid 
horm ones on connective tissu e  and the  re su ltan t increased  turnover of 
collagen as indicated by an  elevated u rinary  excretion of hydroxyproline
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(Ingbar & Woebar, 1974). However, w hether the light chains which seem  
to change would be changed w ithin  one week and  w hether relaxation 
tim e of the soleus (i.e. the  effect w hich is detected the  earliest -  Nicol & 
Bruce, 1981) or the  contraction  tim e will be affected by changing light 
chains rem ains to be seen.
A ten ta tive  conclusion  from  the  p re se n t re su lts  is  th a t  the  
contractile proteins were changed per se and specifically the  isom yosins 
are in a  continuous dynam ic flux w ith different fibres being a t different 
s tages regard ing  p ro tein  tu rnover. However, w hen  a tran sfo rm ation  
stim ulus such  as dysthyreosis is applied the first response of the fibre is 
to m odulate the  Vmax by the  m yosin light chains w hich could a lter the 
k inetics of in te rac tion  of the  contractile  p ro teins, b u t  if the  s tim u lus 
continues th en  the next step is to change the myosin heavy chains.
The effects on Pq and  Vmax for fibres from both  m uscle types were 
of sim ilar m agnitude w hich seem s to contradict the resu lts  obtained on 
whole m uscles by m any investigators which suggest th a t fast m uscle is 
less responsive th a n  slow m uscle. However, the p resen t resu lts could be 
due to the  type of fas t m uscle used , b u t is highly unlikely  because  
m uscles composed m ainly of FG fibres have been show n to be even less 
responsive th a n  m uscles com posed m ainly of FOG fibres (Winder & 
Holloszy, 1977; W inder e t al., 1980; Sickles et al., 1987; Fitzsim ons et 
al., 1990).
The m ost likely reason  is th a t due to the sam pling of the sam e type 
of fibres (and hence only m inor m odifications in  contractile  proteins), 
re su lts  of sim ilar m agnitude have been observed e.g., if th e  converted 
FOG fibres h ad  been  sam pled  a  2-3 fold difference w ould have been 
expected in  the  soleus w hereas no t a  laige difference would have been 
observed in  the  TFL m uscle. Alternatively, the effects on the fast m uscle
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contractile  p ro teins m ight be cancelled ou t by opposite effects on o ther 
s tru c tu res/p ro cesses a t the  whole m uscle level.
Finally, the  issue  of w hether T3  induces changes by  a direct effect 
of thyroid  horm ones on m uscle  or by  an  ind irec t effect by  a ltering  
neuronal activity a n d /o r  trophic chem ical syn thesis in the  m otorneuron 
c an n o t be resolved here . However, previous s tu d ies  suggest it  ac ts 
d irectly  on the  m uscle  to regu la te  th e  MHC pheno type  (Nwoye & 
M ommaerts, 1981; Nwoye et al, 1982; Hall-Craggs et al., 1983).
In conclusion , m ild dysthyreosis show s sm all b u t  sign ifican t 
changes in  Pq and  V^iax in  th e  sam e type of fibres a s  identified  
histochem ically from slow and fast m uscles. These changes are probably 
re la ted  to the  effects on the  contractile  p ro teins and  specifically the  
m yosin light chains.
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CONTRACTILE PROPERTIES OF HYPER /HYPOTHYROID SOLEUS 
AND TFL FIBRES AT 25 °C, pH 7 .0
For bo th  the  soleus and TFL fibre m easurem ents, the  weight of the 
hyper- and  hypothyroid anim als w as no t significantly different from each 
o ther (Table 5.1). The core tem perature of the anim als w as lower in hypo- 
th a n  hyperthyroid anim als, a s  is to be expected since hypothyroidism  
decreases th e  m etabolic rate . The diam eter of th e  fibres, w ithin  each 
m uscle type, w as sim ilar in bo th  thyroid states.
Table 5.1: Measurements of soleus and TFL muscle fibres from hyper- and hypothyroid 
rats.
Hyperthyroid Hypothyroid
Rat weight (g)
Core temperature (°C) 
Fibre diameter (pm)
Vmax 7.0 (LoS~^)
SOLEUS
3 7 6 . 7 5  ± 6 . 3 3  (N = 6) 3 6 7 . 7 0  ± 7 . 1 2  (N = 6) 
3 7 . 1 7  ± 0 . 2 1  (6) * 36.25 ± 0 . 1 7  (6) 
5 7 . 8 1  ± 1 . 0 5  (28) 5 6 . 2 5  ± 1 . 6 7  (27)  
4 . 9 3  ± 0 . 5 0  (16)  4 . 9 4  ± 0 . 3 3  (19)
Rat weight (g)
Core temperature (°C) 
Fibre diameter (pm)
Vmax 7.0 (LoS” )^
TFL
3 8 9 . 3 3  ±  2 . 1 9  (N = 3) 3 9 5 . 0 0  ± 2 . 6 5  (N = 3) 
3 7 . 0 0  ± 0 . 0 0  (3) 3 6 . 6 7  ± 0 . 1 7  (3)  
67.92 ± 2 . 5 2  (15) 6 9 . 2 8  ± 2 . 8 2  (18)  
1 2 . 1 7  ± 0 . 8 5  (13)  1 1 . 6 1  ± 0 . 6 4  (13)
* P < 0.05, hyper- vs. hypothyroid
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MAXIMUM VELOCITY OF SHORTENING
The Vmax 7 . 0  (i.e., Vmax m easu red  a t the  end  of th e  T /p C a  
relationship) va lues were n o t significantly different betw een the  two 
trea ted  sta tes, w ithin each m uscle type. However, a  significant difference 
in  Vmax h as been show n to exist in bo th  m uscle types (chapter 4). This 
suggests th a t after activity there  is a  significant decrease in  the Vmax 7 .0  
of hyperthyro id  fibres irrespective of fibre type w hereas there  is no 
sign ifican t effect in  the  hypothyroid  s ta te . As to w hy th ere  is th is  
d ifferential decrease  in  m axim um  velocity of sho rten ing , th is  is no t 
a p p a re n t b u t  it  could be a  p artia l exp lanation  for th e  fas t fatigue 
observed in hyperthyroid patien ts (Ramsay, 1974).
As described below, it is unlikely th a t Vmax w as decreased due to a 
build  u p  of m etabolites and  furtherm ore it is also unlikely to be due to 
light chain  phosphory lation  either, since light chain  phosphory lation  
does no t affect Vmax (Persechini et al., 1985).
T /pC a  RELATIONSHIPS
For the T /pC a  relationships, as the  Ca2+ concentration  increased, 
larger tensions per u n it CSA were observed in fibres, from both  types of 
m uscles, irrespective of thyroid  s ta tu s  (Fig. 5.1). T his m odulation  of 
tension  can  be sim ply related to the num ber of cross bridges. Since, for 
any  calcium  concen tra tion  the  steady  tension  is p roportional to the 
n um ber of cross bridges w hich should  be graded w ith partia l activation 
as described by Brenner & Yu (1983).
Generally, for a  given [Ca2+] hyperthyroid fibre tensions appeared 
larger th a n  the hypothyroid fibre tensions, irrespective of m uscle type 
(Fig. 5 . la,d). These tensions scaled relative to Py.o (i.e., to the m axim um  
tension  generated a t the end of the  T /pC a  relationship, in  a solution of
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pC a 4.14, pH 7.0) were related to the  pCa values as show n in  Fig. 5.1b,e. 
For the soleus fibres, the  T /p C a  relationship  w as shifted to the  right in 
the hyperthyroid sta te  w ith respect to the hypothyroid sta te , indicating a  
red u c tio n  in  th e  calcium  sensitiv ity  of ten sio n  developm ent in  the 
hyperthyroid sta te . W hereas, for the  TFL fibres, the  T /p C a  relationship 
w as sh ifted  to the  left in  the  hyperthyro id  s ta te  w ith  respec t to the  
hypothyroid s ta te , ind icating  an  increase in th e  calcium  sensitivity  of 
tension  development in  the hyperthyroid state.
From  the so leus fibre Hill p lots (Fig. 5.1c), the  calcu lated  Ca2+ 
thresho ld  for activation (Table 5,2), and  the Ca^+ concentration  required 
to obtain  half m axim al tension  w as higher (i.e. required  more Ca2+) in 
hyper- th a n  in  hypothyroid fibres. The Ca2+ concentration  required to 
ob ta in  m axim al tension  w as sim ilar in  bo th  hyper- and  hypothyroid 
fibres. Moreover, a  steeper T /p C a  relationship is indicated by a  h igher n  
value for hyper- as oppose to hypothyroid soleus fibres, however, it was 
no t significant. The ratio of hyper- to hypothyroid fibres for the value of 
n  was 1 .1 2 .
Table 5 .2 : Summary of the calculations from the Hill plot data for fibres from hyper- and 
hypothyroid soleus m uscles at pH 7.0. The n  values are given with their 95% confidence 
limits.
Hyperthyroid Hypothyroid
pCa'TH 6.  67 6.  87
Free [Ca2+] (M) 2 . 1 4  X l Q- 7 1 . 3 5  X 1 0 - 7
pCaso 5.  80 5.89
Free [Ca2+] (M) 1 . 5 8  X 1 0 - 6 1 . 2 9  X  1 0 - 6
n 1 . 7 3  ±  0 . 1 0 1 . 5 4  ± 0 . 1 5
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From  th e  TFL fibre Hill p lo ts (Fig. 5. If), th e  calcu lated  Ca2+ 
th resho ld  for activation (Table 5.3), the  Ca2+ concentration  required to 
ob tain  half-m axim al tension  and  the  Ca2+ concen tra tion  requ ired  to 
ob tain  m axim al ten sion  w as lower, (i.e. required  less Ca^+) in  hyper- 
th a n  in  hypothyroid fibres. Moreover, a  steeper T /p C a  rela tionsh ip  is 
indicted by a  h igher n  value for hyper- as oppose to hypothyroid TFL 
fibres, however, it w as no t significant. The ratio of hyper- to hypothyroid 
TFL fibres for n  was 1.23.
Table 5 .4: Summary of the calculations from the Hill plot data for fibres from hyper- and 
hypothyroid TFL m uscles at pH 7.0. The n values are given with their 95% confidence 
limits.
Hyperthyroid Hypothyroid
pCaxH 6.  39 6.  35
Free [Ca2+] (M) 4 . 0 7  X 1 0 “ 7 4 . 4 7  X 1 0 - 7
pCaso 5 . 7 7 5.60
Free lCa2+] (m ) 1 . 7 0  X  10-G 2 . 5 1  X 1 0 - 6
n 2 . 4 4  ± 0 . 2 8 1 . 9 9  ± 0 . 1 0
Fig. 5 .1 : Isometric T/pCa relationships, Relative T/pCa relationships and average Hill
plots of single skinned fibres from hyper- { b ) and hypothyroid (.......d---- ) soleus
m uscles, (a) to (c) respectively. And for hyper- (----- *----- ) and hypothyroid (......./v-----) TFL
m uscles, (d) to (f) respectively. Mean values ± SEM (which are indicated by the vertical 
bars or by the size of the symbols used) were obtained from 15 to 28 fibres.
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The resu lts  of the  calcium  activated ten sion  respon ses for the  
soleus m uscle fibres (steeper T /p C a  relationship  w hich is shifted to the 
right I.e., a  lower Ca^’*' sensitivity in hyper- th an  hypothyroid fibres) seem  
to be co n sis ten t w ith  the  idea th a t  the  sensitiv ity  of the  contractile  
ap p ara tu s  converted from being of the  slower type in hypothyroid fibres 
to being of the faster type in  hyperthyroid fibres. This seem s to happen  
even though  histochem ically  the  fibres were identified a s  being SO in  
bo th  trea ted  sta tes. Therefore, th is  suggests th a t dysthyreosis induced 
changes in the  Ca2+ regulatory proteins from slow to fast in the direction 
of hypo- to hyperthyroid , a lthough  h istochem ically  th e  sam e type of 
fibres were identified. In o ther w ords the dynamic s ta te  of the  fibres was 
shifted from slow to fast in  the  direction hypo- to hyperthyroid.
The resu lts  of the  calcium  activated tension responses for the  TFL 
m uscle fibres (steeper T /pC a  relationship which is shifted to the left, i.e., 
a  h igher Ca2+ sensitivity in  hyper- th a n  hypothyroid fibres) also seem  
consisten t w ith  the idea th a t  the  contractile a p p a ra tu s  converted from 
the  faster type in hyperthyroid fibres to the slower type in hypothyroid 
fibres, w ith only the  FG fibres being sam pled betw een the  two different 
s ta te s . A lthough th e  sh ift in  Ca2+ sensitiv ity  w as in  the  opposite 
d irection  to th a t  found in  the  SO fibres. This can  be reconciled as 
follows: in the  hypothyroid TFL m uscles the  fibres convert from the FG 
to the  FOG type w hereas the  sam e occurs in the  hyperthyroid sta te  b u t 
to a  lesser extent, a s  seen  by whole m uscle h istochem istry  (present 
study). Therefore, although the  fibres from the fast m uscle in  the  p resen t 
s tu d y  in  b o th  trea ted  s ta te s  were of the  FG type, it is reasonab le  to 
hypothesise th a t  the  underlying dynam ic sta te  of the  Ca^^ reg u la to ry  
p ro tein  isoform s h ad  shifted to the  FOG type in  bo th  s ta te s  b u t the  
extent of th is shift w as larger in  the  hypo- as oppose to the  hyperthyroid
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State , Now, w here  a u th o rs  have described  d ifferences in  T /p C a  
relationships between FG and FOG fibres (Schachat e t al., 1987; Greaser 
et al., 1988, Danieli-Betto, 1990), they  have show n FG fibres to have 
steeper T /p C a  relationship and higher Ca^ '^*' sensitivity th a n  FOG fibres. 
Therefore the  suggestion is th a t in both  treated  s ta te s  the  shift is from 
FG to FOG w ith respect to the  Ca^‘*‘ regulatory pro teins b u t th is  shift is 
larger in the hyperthyroid s ta te  and  hence the fibres are more aldn to the 
FG type w hereas in the hypothyroid sta te  they  are m ore akin  to the FOG 
type and  th u s  the observed resu lts. It appears th a t different isoforms of 
T n T are  responsib le  for a  h igher Ca^'*' sen sitiv ity  betw een  the  
interm ediate (FOG) and high velocity (FG) fibres (Greaser et al., 1988).
In short, the  resu lts have show n th a t the m uscle fibres of the  sam e 
histochem ical type can  generate  heterogeneous T /p C a  rela tionsh ips, 
w h ich  a re  in  ag reem en t w ith  th o se  o b ta in ed  by  a u th o rs  u s in g  
h istochem ically  identified fibres (Zeman & W oods, 1980; D onaldson 
1984). F irst of all it show s h istochem istry  alone can n o t d istingu ish  
betw een the  different fibre types and  alternative fibre types can  be 
identified according to contractile function (Danieli-Betto, 1990; Wilson 
& Stephenson, 1990). The heterogeniety observed by these au tho rs is not 
due to a  transform ation stim ulus b u t the fact th a t fibres exist in various 
isom orphic forms w ith respect to the  contractile and regulatory proteins. 
In fact it h a s  been suggested th a t a  dynam ic con tinuum  of fibre type 
exists w hich encom passes all fibre types (Staron et al, 1983; S taron  & 
Pette, 1987a, b; Wilson & Stephenson, 1990).
In the p resen t s tu d y  the  heterogeniety is likely to be due to the 
effect of dysthyreosis on these  isom orphic regulatory  pro teins and  the 
m yosin light chains, w hich shifts th e  dynamic sta te  of the  fibres to fast 
and  slow type respectively in hyper- and hypothyroid fibres. It is thought 
th a t  th e  fib res from  th e  tre a te d  an im als  w hich  a re  undergo ing
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transform ation  are likely to have different proportions of slow and  fast 
isoform s of the proteins and  it h as  been show n th a t w hen bo th  fast and 
slow isoforms of regulatory proteins and  of MLC are p resen t in a  m uscle 
fibre, calcium  sensitivity is dictated by the  fast isoform s (Danieli-Betto, 
1990) w hich could be why a  difference h as been observed in the  T /pC a  
relationships.
In addition , The T /p C a  re la tio n sh ip s (Fig. 5.2) show ed th a t  
irrespective of the  thyroid s ta tu s  soleus m uscle fibres had  a  higher pCa^H
for tension  developm ent and  a  less steep T /p C a  rela tionsh ip  th a n  the 
TFL m uscle fibres. These resu lts are in general agreem ent w ith resu lts  of 
o ther au th o rs  who have described su ch  differences betw een the  Ca^+ 
activated tension  responses of slow and fast m uscle fibres obtained from 
euthyroid anim als (Takagi & Endo, 1977; S tephenson  & Forrest, 1980; 
S tep h en so n  & W illiams, 1981; E ddinger & M oss, 1987; Laszewski- 
Williams et al., 1989; M ounier et al., 1989), suggesting these  differences 
rem ain  even w hen the  thyroid s ta tu s  of the  anim al is altered. This could 
be explained if dysthyreosis affected the  con tractile  a p p a ra tu s  to a 
sim ilar extent therefore inducing changes in the direction slow to fast for 
hypo- to hyperthyroid respectively.
Fi^. 5 .2: Isometric and relative T/pCa relationships, and Hill plots of single skinned fibres
from hyperthyroid soleus (— • -----) and TFL m uscles (....... o----), (a) to (c) respectively
and for hypothyroid soleus (—  • -----) and TFL m uscles (....... o*----), d) to f) respectively.
Mean values ± SEM were obtained from 15 to 28 fibres.
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However, w ith respect to the  Ca^ **" sensitivity, the  difference In the 
hypothyroid s ta te  betw een so leus and  TFL fibres Is sim ilar to th a t of 
u n trea te d  fibres b u t  In the  hyperthyroid  s ta te  there  Is no difference 
betw een the  two d ifferent fibre types. This can  be u n d ers to o d  by 
extension  of the  hypo thesis outlined  above. It is also reasonab le  to 
a ssu m e  th a t  th e  equ ilib rium  of th e  SO fibres sh ifts  to FOG In the  
hyperthyroid s ta te  and  to left of SO fibres In the hypothyroid sta te  (Fig. 
9.1). Therefore, In hyperthyroid soleus and hyperthyroid TFL m uscles the 
fibres sam pled would be of a  sim ilar kind of FOG type w ith respect to the 
regulatoiy proteins and hence the sim ilarity between the curves.
The following explanations for the different characteristics of the  
T /p C a  re la tionsh ips w hich apply to euthyroid  m uscle fibres are also 
likely to apply to hyper- and  hypothyroid m uscle fibres since the  m ajor 
effect of these  trea tm en ts  Is to sh ift the  dynam ic s ta te  of the  fibres to 
th a t resem bling those of the fast or slow type respectively.
The presence of slow or fast Isoforms of Tn C h as been considered 
th e  m ain  re a so n  for th e  d ifferen t calcium  sensitiv ity  for ten s io n  
developm ent and  th e  s teep n ess  (I.e., co-opereatlvity) of the  T /p C a  
relationship  betw een slow and  fast skeletal m uscles (Moss et al., 1986; 
B abu et al., 1987; Gulatl et al., 1988). Indeed It h as  been dem onstrated 
th a t fast m uscle Tn C h a s  two low affinity calcium  binding sites w hereas 
slow skeletal m uscle Tn C h a s  only got one, in  addition, bo th  types of 
m uscle have two high affinity Ca2+-Mg2+ sites (Potter & Gergely, 1975).
However, m an y  ad d itio n a l fac to rs  m ay c o n tr ib u te  to th e  
differential Ca2+ sensitivity of slow and  fast m uscle fibres and  th en  to 
the  T /pC a  relationship. It h as been show n th a t a greater Ca2+ sensitivity 
Is associated w ith the  presence of higher m olecular weight isoforms of Tn
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T (Greaser e t al., 1988). Moreover, the  isoforms of Tm and Tn I as well as 
the  in teractions betw een them  m ay also affect Ca2+ sensitivity (Grabarek 
et al., 1983 1986; S chachat et al., 1987). MLC phosphorylation h a s  also 
been  show n to Increase Ca2+ sensitivity (Sweeney & Stull, 1986, 1990). 
It h a s  also been reported th a t w hen the  actom yosin Interaction Is being 
activated, the activated cross bridges in tu rn  affect Tn C s tru c tu re  and 
th u s  Increase calcium  sensitivity (Gordon et al., 1988). Furtherm ore, the 
affect of cross-bridges on the calcium  activation of the  th in  filam ent may 
also be m odulated by the regulatoiy MLC2  (Metzger e t al., 1989; Sweeney 
& Stull, 1990; Hofm ann et al., 1990),
O ur r e s u l ts  do n o t allow  d isc r im in a tio n  b e tw een  th e s e  
possibilities, a lthough  the  role of the  Ca2+ regulatory  pro teins and  the 
light chains Is implicated.
A possible explanation given by Moss et al. (1986) to accoun t for 
the  differences in the  steepness of the  T /pC a relationships included the 
Idea th a t  in te rac tio n s  w ith  ad jacen t tropom yosins m olecules were 
necessary  in  the co-operative m echanism . According to S chacha t et al. 
(1987), the  re sp o n ses  of ske le ta l m uscle  fibres to Ca2+ were also 
determ ined by their com position in regulatory complexes TfiT-Tm In the 
th in  filam ent. F a s t fibres from different m uscles expressed  different 
Isoform s of TnT-Tm accord ing  to th e ir  speed  an d  th a t  difference 
Influenced the  steepness of the  T /p C a  relationship . So, It seem ed th a t  
the  Influence of TnT on the  end-to-end overlap of Tm w as involved in the 
co-operativlty m echanism .
A good correlation can be seen  betw een the d a ta  showing th a t the 
calcium  th resho ld  for activation  is lower In slow type th a n  fas t type 
fibres an d  the  d a ta  of D u lh u n ty  & Gage (1983) show ing th a t  th e  
depolarisation  th resho ld  for the  onset of contraction is lower in soleus
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m uscles of the  rat. Since depolarisation triggers contraction via calcium  
release from the SR and the am ount of released calcium  Is dependent on 
th e  a m o u n t of dep o la risa tio n  (For review see Ruegg, 1986), it  Is 
reasonable to expect th a t the  slow type fibres of the  soleus, w hich need a 
lower calcium  concentration for the  onset of contraction, require a  lower 
degree of depolarisation. This could be why there Is an  observed Increase 
In th e  th resh o ld  of fas t skeletal m uscle of hyperthyroid  ra ts  and  a  
decrease In the  hypothyroid ra ts  (McCardle et al., 1977; Grossie, 1978), 
since the whole system  would be expected to work in co-ordination.
D u lh u n ty  & Gage (1983) have also reported  th a t  the  tension- 
voltage relationship  h as a  greater slope in fast th a n  in slow fibres and  
they  pointed ou t the  correlation betw een th is  observation and  th a t of a  
steeper T /pC a relationship and  a  subsequen t larger n  value in fast th an  
slow fibres. According to D ulhunty  & Gage (1983), these differences m ay 
be a ttr ib u te d  to  differences in  th e  excita tion -con trac tion  coupling 
process, or In other subsequen t steps.
MAXIMAL ISOMETRIC TENSION
For the  soleus m uscles, the  m axim al isom etric tension  a t pH 7.0, 
elicited by a  pC a 4 .14 so lu tion  (Fig. 5.1b) a t the  end  of the  T /p C a  
re la tionsh ip  w as recorded and  equal to 46 .46  ± 2.21 mg (28) in  the  
hyperthyroid soleus fibres and  36.74 ± 2.70 mg (27) in the hypothyroid 
soleus fibres. The difference betw een hyper- and hypothyroid fibres being 
significant (p < 0.05). W hen expressed per un it cross-sectional area  (P7.0) 
these values became respectively 173.39 ± 7.36 kN /m ^ and 142.32 ± 6.75 
k N / m 2  in  hyper- and  hypothyroid  fibres, the  difference also being 
significant (P < 0.05).
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For the  TFL m uscles, the  m axim al Isom etric tension  a t pH 7.0, 
elicited by a pC a 4 .14  so lu tion  (Fig. 5 . le) a t th e  end of the  T /p C a  
relationship  w as equal to 63.27 ± 7.68 mg (15) In the  hyperthyroid TFL 
fibres and  68 .89  ± 5.89 mg (18) In the  hypothyroid TFL fibres. The 
difference betw een hyper- and  hypothyroid fibres being non significant. 
W hen expressed as P7 .0  these values becam e respectively 167.34 ± 12.78 
kN /m 2 and 177.92 ± 12.84 kN /m ^ In hyper- and  hypothyroid fibres, the 
difference also being non significant.
An apparen t anom aly seem s to exist betw een the observed Pq and 
P 7.0 values for the so leus m uscle fibres. W hen Pq w as m easu red  the  
hypothyroid fibres had  significantly  h igher values th a n  hyperthyroid  
fibres w hereas for the P7.0 m easurem ents the opposite w as observed. The 
reason  for th is  discrepancy is not apparen t, however it is unlikely to be 
due  to biological variab ility , w hich  could be a  poss ib ility  since  
observations were m ade on different fibre populations. This Is m ainly 
because th is discrepancy w as observed in both the soleus and to a lesser 
ex ten t in  the  TFL m uscle fibres. Moreover, Vmax 7.0 values were also 
affected (see above). Therefore, the  different m ethod of m easu rem en t of 
these two param eters is implicated.
Essentially , the  only difference in  the way these  m easu rem en ts 
were m ade w as tha t, Pq and  Vmax of a  fibre were m easured  w ithout any 
prior activity w hilst P7.0 and Vmax 7.0 of a fibre were m easured  a t the  end 
of the T /p C a  relationship m easurem ents.
Therefore, a  possible explanation for th is  d iscrepancy could be a 
general deterioration of the fibres w ith time and activity. However, th is  Is 
unlikely, firstly because w hen com paring Pq with P7 . 0  the  la tter value was 
higher th a n  the  former. And secondly, there Is no apparen t reason  for a 
differential effect of time betw een hypo- and hyperthyroid fibres.
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A nother possible reason  could be an  increase in the  build up  of 
m etabo lites e.g., Pi and  H+ in  th e  m iddle of the  fibre w ith  activity. 
However th is  is also unlikely as the  ionic environm ent w as controlled 
an d  th e  re lax a tio n  p ro ced u re  w ould n e u tra lise  th e  effects of the  
m etabolites. I.e., enough time to diffuse out and  be buffered.
It is possible th a t  MLC2  phosphorylation  could accoun t for the  
d iscrepancy observed. In th is  respect, MLC2  phosphorylation h a s  been 
observed to increase m axim al tension  under fatigue conditions (Godt & 
Nosek, 1989). Therefore, the suggestion is th a t w ith prior activity MLC2  
phosphory la tion  could occur. F urtherm ore, a  h igher degree of MLC2  
phosphorylation would have to occur in  hyper- th a n  hypothyroid fibres, 
assum ing  the  sam e am oun t of MLC2  phosphorylation re su lts  in equal 
increase  in tension  in  bo th  hypo- and hyperthyroid fibres. Supporting 
evidence, for a  h igher degree of MLC2  phosphorylation  in hyper- th a n  
hypothyroid fibres com es from Leijendekker & Hardveld (1987). They 
found a higher degree of MLC2  phosphorylation in eu- th a n  hypothyroid 
m usc les  after activity suggesting  a  relatively decreased  ten s io n  in 
hypothyroid m uscles.
The MLC2  could be phosphoiy lated  by the repetitive n a tu re  of the 
protocol, w hich is analogous to the  repetitive stim uli a t  low frequencies, 
w hich h as  show n to resu lt in phosphorylation of MLC2 , probably due to 
sm all b u t  significant am ount of MLCK activated w ith each stim ulation  
(Stull et al., 1982). However, w hether significant MLC2  phosphorylation 
would occur in the absence of added MLCK and calm odulin is debatable.
Finally it is possible, th a t prior activity induces very sm all changes 
in the  th ree  dim ensional arrangem ent of the  regulatory  and  contractile 
proteins in  such  a  m anner as to account for the differential resu lts.
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CONTRACTILE PROPERTIES OF HYPER /HYPOTHYROID SOLEUS 
AND TFL FIBRES AT 25  °C, pH 6 .6
For th e  so leus fibre m easu rem en ts , th e  w eight and  th e  core 
tem pera tu re  of the hyperthyroid anim als w as significantly h igher (15%) 
and  lower (4%) respectively th an  the  hypothyroid anim als (Table 6.1).
Table 6 .1: Measurements of soleus and TFL m uscle fibres from hyper- and hypothyroid 
rats at pH 6.6, Vmax 6.6 was measured at pCa 4.10, pH 6.6, at the end of the pH 6.6  
T/pCa relationship. Vmax 7,0 was measured at pCa 4.14, pH 7.0, after having obtained 
Vmax 6.6 In the same fibre.
Hyperthyroid Hypothyi'old
Rat weight (g)
Core temperature (°C) 
Fibre diameter (|am) 
Vm ax 6.6 (LoS‘ )^ 
Vmax 7.0 (LoS“i)
SOLEUS
429.83 ± 10.15 (N = 6) + 373.33 ± 6.01 (N = 6)
37.58 ± 0.20 (6) + 36.00 ± 0.26 (6)
57.92 ± 1.50 (28) 57.42 ± 1.61 (24)
2.98 ± 0 .23 (24) 2 .81 ± 0.19 (22)
4.64 ± 0.41 (22) 4 .50 ± 0.46 (19)
TFL
Rat weight (g)
Core temperature t^ C) 
Fibre diameter (lom) 
Vmax 6.6 (LqS“^ ) 
Vmax 7.0 (Lo^'^)
417.67 ± 14.40 (N = 3) *
37.17 ± 0.17 (3)
68.47 ± 2.87 (11)
8.51 ± 1.21 (10)
11.17 ± 0.99 (8)
350.60 ± 18.29 (N = 5) 
36.80 ± 0.26 (5)
67.34 ± 1 .69  (20)
7.91 ± 0.79 (19)
12.75 ± 1.20 (16)
* P < 0.05, + P < 0.005, hyper- vs. hypothyroid
For the  TFL fibre m easurem ents, the  weight of the  hyperthyroid 
an im als w as significantly h igher (19%) bu t, the  core tem pera tu re  w as 
only slightly  (1%) h igher th a n  th e  hypothyroid  an im als. T his non  
significant change in  the  core tem perature  is probably a  reflection of a  
sm aller num ber of an im als used , ra th e r  th a n  dysthyreosis having no
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effect on the  core tem p era tu re . It m u s t be po in ted  o u t th a t  the  
hypothyroid anim als would be expected to have a  lower core tem perature 
th a n  the hyperthyroid anim als. W hereas, the core tem perature  of control 
and  hyperthyroid anim als would be expected to be sim ilar. All the  fibres 
sam pled betw een the  two different thyroid sta tes, w ith in  each m uscle 
type, had  sim ilar diam eters.
EFFECT OF pH UPON Vmax
For the hyperthyroid soleus fibres (Table 6.1), Vmax 7.0 w as 56% 
higher (p < 0.005, using  two-tailed paired t-test) com pared to Vmax e.e and 
for the  hypothyroid so leus fibres, Vmax 7 .0  w as 60% higher (p < 0.005, 
using  two-tailed paired t-test) compared to Vmax e.e- For the hyperthyroid 
TFL fibres, Vmax 7.0 w as 31% higher (p < 0.05, using  two-tailed paired t- 
test) th a n  Vmax 6.6 and for the hypothyroid TFL fibres, Vmax 7.0 w as 61% 
higher (p < 0.005, using  two-tailed paired t-test) th a n  Vmax 6.6-
Plotting relative Vmax (i.e., dividing Vmax 6.6 by Vmax 7.o) against 
pH (Fig. 6.1), show s th a t  relative Vmax is dep ressed  in  the  d irection 
hyper- TFL > hyper- soleus > hypo- soleus > hypo- TFL. However, neither 
of these  values are significantly different from each other.
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Fig. 6 .1 : Variation with pH of Vmax in hyperthyroid soleus (----- *---- ), hypothyroid
soleus {.......» — ), hyperthyroid TFL ( a ) and hypothyroid TFL {-----û- —  ) single
skinned fibres. Relative Vmax values were obtained by dividing Vmax 6.6 by Vmax 7.0 in 
that same fibre. Values are the mean (± SEM) of 7 to 20 fibres.
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Therefore, pH 6.6 depresses Vmax in all four situations to a  sim ilar 
ex ten t (i.e., 33 -  40%). These resu lts  are in qualitative agreem ent w ith 
resu lts  obtained by previous investigators from euthyroid anim als (Luney 
& Godt, 1987; Metzger & Moss, 1987; Cooke et al., 1988). A lthough, 
Metzger & Moss (1987), found Vmax of fast m uscle fibres to be depressed 
significantly m ore th a n  slow m uscle fibres, th a t w as only w hen they 
reduced the pH down to pH 6.2, w hereas when the pH w as reduced to pH 
6.5, they found Vmax to be depressed to a  sim ilar degree in  bo th  slow and 
fast m uscle fibres.
A biphasic response of the slack tes t da ta  (i.e., the  plot of distance 
vs. tim e m ay be fitted w ith two stra ig h t lines, an  in itial high velocity 
ph ase  and  a  second lower velocity phase. This la tte r phase  h a s  been 
a ttribu ted  to a sub  population of cross bridges which a t low levels of th in  
filam ent activation  exhibit a  reduced  ra te  c o n stan t for de tachm ent.
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thereby  p resen ting  an  in te rnal load which opposes fu rth er shorten ing  
(Moss et al., 1986)} w hich h as been reported to occur a t su b  m axim al 
Ca2+ activation (Moss et al. 1986) w as not responsible for the decrease in 
Vmax a t lower pH in  the  p resen t study, because the  slack  te s t d a ta  w as 
b est fitted by one stra igh t line (see m ethods). Moreover, the  decrease in 
Vmax a t lower pH w as no t due to a  decrease in ten sion  a t  lower pH, 
because  it h a s  been show n th a t  Vmax rem ains unchanged  w hen it is 
m easured  a t a  sim ilar tension  a t e ither pH 7.0 or pH 6.2 (Metzger & 
Moss, 1987).
One way in w hich H+ ions could reduce Vmax would be to decrease 
m yosin ATPase activity (Barany, 1967). C onsisten t w ith th is  idea, the 
sigm oidal re la tio n sh ip  betw een ATP hydrolysis an d  free [Ca2+] in  
myofibrils from rabb it m uscle h a s  been show n to be shifted to h igher 
[Ca2+] and  to becom e depressed  as pH w as lowered from 7.0 to 6.0 
(Portzehl et al., 1969). Furtherm ore, Vmax and ATPase activity of fibres 
h a s  been  show n to be reduced to a  sim ilar extent (Cooke et al., 1988). 
Low pH, presum ably depresses ATPase activity by a direct inhibitory effect 
of H+ ions on the ATPase th u s  slowing the cross bridge cycle rate.
Another possible explanation m ay be found in the observation th a t 
as pH is reduced m yofilam ent lattice becom es com pressed (April e t al., 
1972), th u s  th is  m ight a lte r cross bridge in te rac tion  w ith  ac tin  and  
decrease Vmax (Metzger & Moss, 1987).
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EFFECT OF pH UPON C&2+ SENSITIVITY
Generally, for any  given calcium  concentration, fibres from soleus 
and  TFL m uscles, generated significantly higher tensions a t pH 7.0 th an  
a t pH 6.6, irrespective of thyroid s ta tu s  (Figs. 6.2 & 6.3).
For the  hyper- and  hypothyroid soleus fibres (Fig. 6.2), w hen the 
ten sio n s ob tained  a t each  pH were scaled relative to the  m axim um  
tension  obtained (in the  sam e fibre) a t the sam e pH, the  relative T /p C a  
relationships were shifted to the  right a t pH 6.6 w ith respect to pH 7.0. 
This shift w as m ore ap p aren t w hen the  tensions obtained a t each pH 
were scaled relative to the tension  (in the  sam e fibre) a t pCa 4.14, pH 
7.0,
Therefore, the effect of acidic pH on the soleus fibres was to reduce 
Ca2+ sensitivity (i.e. a  higher free [Ca2+] was required to obtain the sam e 
tension  w hen the  pH w as lower) irrespective of the  thyroid s ta tu s , which 
is sim ilar to re su lts  reported by investigators u sing  euthyroid  soleus 
fibres (D onaldson & H erm ansen, 1978; D onaldson. 1984; Metzger & 
Moss, 1987; Chase & Kushmerick, 1988). In addition, th is  shift w as more 
pronounced  in  hyper- th a n  hypothyroid  so leus fibres, th u s , th is  is 
consisten t w ith the idea th a t the  shift in  the dynamic equilibrium  of the 
fibres w as m erely from  slow to fa s t in the  d irec tion  of hypo- to 
hyperthyro id , since it h a s  been  reported  th a t  slow fibres are m ore 
res is tan t to the effects of acidic pH in reducing Ca2+ sensitivity th an  fast 
fibres (Donaldson, 1984). However, the resu lts obtained for TFL fibres do 
not seem  to fit w ithin th is hypothesis (see below).
The basis for pH m odulation of the Ca2+ sensitivity  of tension  is 
unknow n for certain b u t several possibilities have been proposed.
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Fig. 6 .2 : Effect of pH on single skinned fibres from hyperthyroid and hypothyroid soleus
m uscles. Mean values (± SEM) at pH 7.0, ( a ) and at pH 6 .6  (-----□ --•) for
hyperthyroid fibres and at pH 7.0, (----- ®-----) and at pH 6.6, (--•<>----- ) for hypothyroid
fibres were obtained from 19 to 28 fibres. In the fibres studied at pH 6.6, the maximum  
tension was always achieved at a free [Ca2+] well below pCa 4.10, and higher calcium led 
to significantly lower tension. Thus data for these fibres is scaled relative to the actual 
maximum tension obtained.
a) & e) Isometric T/pCa relationships.
b) & 1) Relative T/pCa relationships. For the pH 6.6 T/pC a curve, the 
isometric tension at each [Ca2+] at pH 6.6, was scaled relative to the 
maximum tension generated in the same fibre at pH 6.6 (Pe. s) .
c) & g) Relative T/pCa relationships. For the pH 6.6 T/pC a curve, the 
isometric tension at each [Ca2+] at pH 6.6, was scaled relative to the 
maximum tension generated in the same fibre at pH 7.0 (P7 . q) ■
d) & h) Average Hill plots of individual relative (Pe, e) T/pCa relationships.
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Fig. 6 .3 : Effect of pH on single slcinned fibres from hyperthyroid and hypothyi'oid TFL
m uscles. Mean values (± SEM) at pH 7.0, (----- &---- ) and at pH 6 .6  (----- û--* )  for
hyperthyroid fibres and at pH 7.0, (----- ©-----) and at pH 6.6, ( o ) for hypothyroid
fibres were obtained from 8 to 18 fibres. In the fibres studied at pH 6.6, the maximum  
tension was always achieved at a free [Ca2+] well below pCa 4.10, and higher calcium led 
to significantly lower tension. Thus data for these fibres is scaled relative to the actual 
maximum tension obtained.
a) & e) Isometric T/pCa relationships.
b) & f) Relative T/pC a relationships. For the pH 6.6  T/pCa curve, the 
isometric tension at each [Ca2+] at pH 6.6, was scaled relative to the 
maximum tension generated in the same fibre at pH 6.6 (Pg. g) .
c) & g) Relative T/pCa relationships. For the pH 6.6  T/pC a curve, the 
isometric tension at each [Ca2+] at pH 6.6, was scaled relative to the 
maximum tension generated in the same fibre at pH 7.0 (P7 . o) •
d) & h) Average Hill plots of individual relative (Pg. e) T/pCa relationships.
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The effect on Ca2+ sensitivity is though t to arise from com petition 
betw een H+ and Ca2+ a t the  th in  filam ent w ith H+ acting either directly 
a t TnC (Robertson & Kerrick, 1979) or indirectly  by altering  the  n e t 
charge on the  th in  filam ent (Godt, 1981). Godt proposed an  electrostatic 
model to accoun t for the  H+ ion-induced shift to the  right. He argued 
th a t since contractile pro teins b ear a  ne t negative charge a t pH 7.0 the 
re s u lta n t  e lec trosta tic  field ab o u t th e  m yofilam ents shou ld  a ttra c t 
cations and repel anions. Lowering the pH would reduce the net negative 
charge since the  isoelectric poin ts for these proteins are around  pH 5.5, 
thereby  changing the  field abou t the  m yofilam ents and  decreasing the 
effective [Ca2+] n ear the  th in  filament.
B oth the H+/Ca2+ com petition model an d  G odt's e lectrostatic  
m odel w ould certainly accoun t for the  reduction  in Ca2+ sensitivity  a t 
low pH; however, they  do no t accoun t for the  reduction  in m axim um  
tension  a t low pH, since it should be possible to overcome the exclusion 
of Ca2+ from the  filam ent lattice by raising  the  [Ca2+]. This w as not 
observed in th is and  m any other s tud ies (e.g., Fabiato & Fabiato, 1978; 
Metzger & Moss, 1987), w here T /p C a  rela tionsh ips a t  low pH clearly 
reached a p la teau  or declined w hen [Ca2+] w as increased  to sa tu ra tin g  
levels.
Alternatively, since the  presence of rigor cross bridges h a s  been 
show n to enhance the binding of Ca2+ by TnC in regulated th in  filam ents 
(Bremel & W eber, 1972), and  in  addition, there  is evidence to suggest 
th a t  the  cycling cross bridges also serve to activate, in  a  co-operative 
m anner, regions of the  th in  filam ent by enhancing  the  binding affinity 
for Ca2+ (Guth & Potter, 1987). T hen p a rt of the  decrease  in  Ca2+ 
sensitivity could be the resu lt of a  reduction in co-operative activation of 
the  th in  filam ent by attached strong cross bridges.
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A decreased num ber of strong  cross bridges is suggested by the 
finding of Metzger & Moss (1990a) who have show n th a t Ca2+ sensitivity 
of relative stiffness of a  single fibre is reduced a t low pH. Moreover, the 
Ca2+ sensitivity of the  Ca2+ sensitive cross bridge tran sition  from weak 
to strong  cross bridges (Fig. 1.1, step  5) h as  been show n to be reduced 
(Metzger & Moss, 1990b). Therefore a t low pH, cross bridges w ith w eak 
binding would accum ulate.
W hile th e  above m ech an ism  could acco u n t for p a r t  of the  
reduction  in the  Ca2+ sensitivity to low pH it is likely o ther factors are 
involved as well, such  as the ability of H+ ions to reduce the  affinity of 
Ca2+ binding sites on TnC (B lanchard et al., 1984; K entish & Palmer, 
1989), and possible pro tein-protein  interactions, involving TnT, Tnl and 
tropomyosin.
These o ther s ites  are also likely to accoun t for the  observed 
differential effect of H+ ions on the  Ca2+ sensitiv ity  of hyper- and  
hypothyroid  fibres, w hich can n o t be readily  explained in  te rm s of 
decreased num ber of cross bridges a n d /o r  decreased tension  per cross 
bridge. In th is respect, there is evidence to suggest th a t the tension  per 
cross bridge a ttach m en t is sim ilarly depressed in  slow and  fast fibres 
(Metzger & M oss, 1990a) an d  H+ ions decrease  th e  ra te  c o n s tan t 
governing the tran s itio n  of w eak to strong  cross bridges to a  sim ilar 
extent in both  slow and fast fibres (Metzger & Moss, 1990b).
In short, m any factors (individually a n d /o r  in  com bination) are 
ab le  to  in fluence  th e  p osition  an d  th e  s te e p n e ss  of th e  T /p C a  
relationship, th u s  all these sites are possible targets to be m odulated by 
H+ ions.
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The so leus fibre Hill p lo ts (Fig. 6.2), show  th a t  w hen pH w as 
decreased  from 7.0 to 6.6, the  free [Ca2+] required  to obtain  pCa^H
increased by a  factor of 3.63 in  hyperthyroid soleus fibres as com pared to 
a  factor of 2.88 in  hypothyroid soleus fibres (Table 6.2). The free [Ca2+] 
required to obtain  pCa^o increased by a  factor of 1.58 in hyperthyroid
soleus fibres as com pared to a  factor of 1.32 in hypothyroid soleus fibres. 
The Hill coefficient, n  also increased  to a  larger ex ten t in  hyper- as 
opposed to hypothyroid fibres. These re su lts  show  th a t  the  effect of 
reducing pH w as m ore pronounced in hyper- th a n  hypothyroid soleus 
fibres.
Table 6 .2 : Summary of Hill data of single skinned soleus fibres from hyper- and 
hypothyroid rats which have been analysed (in different fibre preparations) in various 
Ca.2+ activating solutions of pH 7.0 and pH 6.6.
Hyperthyroid 
pH 7.0 pH 6.6
Hypothyroid 
pH 7.0 pH 6.6
pCaxH 6 . 6 7  6 . 1 1 6 . 8 7  6 . 4 1
pCaso 5 . 8 0  5 . 6 0 5 . 8 9  5 . 7 7
n 1 . 7 3  ± 0 . 1 0  + 2 . 9 5  ± 0 . 4 3 1 . 5 4  ± 0 . 1 5  * 2 . 3 1  ± 0 . 3 8
ratio of n 1 . 7 1 1 . 5 0
+ P <0.005, pH 7.0 vs. pH 6.6 (hyper-); * P < 0.05, pH 7.0 vs. pH 6.6 (hypothyroid)
The increase seen in the  Hill coefficient, n, in the soleus fibres a t 
acidic pH, irrespective of thyroid s ta tu s  was also observed by Metzger & 
M oss (1987) in  eu thy ro id  so leus fibres. The in c rease  in  th e  Hill 
coefficient, n  is probably due to a  reduction in the num ber of active th in  
filaments, as described below, and the more pronounced effects on hyper­
com pared to hypothyroid fibres is in keeping w ith the  hypothesis th a t 
larger the  decrease in  Ca2+ sensitivity the  larger the  increase in the Hill 
coefficient, n.
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A lthough, th e  Hill coefficient, n, w hich  is a  m easu re  of co- 
operativity, w as observed to increase, w hilst it is being suggested th a t 
Ca2+ sensitivity decreased due to a  decrease in co-operative activation by 
the  strong cross bridges. This apparen t anomaly, can  be explained by the 
hypo thesis th a t, a t decreased  calcium  sensitivity  co-operative strong  
cross bridge a ttachm en t dom inates th in  filam ent activation. T hat is, as 
the  num ber of strong cross bridges decreases; th en  the num ber of active 
th in  filam ent u n its  decreases for a  given [Ca2+1, and  so isom etric tension 
and  calcium  sensitivity  bo th  decrease. W ith a  low calcium  sensitivity, 
th in  filam ent activation will be largely lim ited by  the  binding of strong 
cross bridges which is highly co-operative (Trybus & Taylor, 1980; Greene 
& Eisenberg, 1980), so the Hill coefficient, n  increases.
For th e  hyper- and  hypothyroid TFL fibres, w hen  the  tensions 
ob tained  a t each  pH were scaled  relative to th e  m axim um  tension  
ob ta ined  (in th e  sam e fibre) a t  th e  sam e pH, th e  relative T /p C a  
re la tionsh ips were shifted to the  left a t pH 6.6 w ith respec t to those 
T /pC a  relationships obtained a t pH 7.0. This shift w as still apparen t in 
the  hyper- and  hypothyroid TFL fibres w hen the  tensions obtained a t 
each  pH were scaled relative to the  tension  (in the  sam e fibre) a t pCa 
4.10, pH 7.0.
Thus, in sharp  con trast to the  soleus fibres (see above), the  effect 
of acidic pH on the  TFL fibres w as to increase Ca2+ sensitivity  (i.e. a 
lower free [Ca2+] w as required to obtain  the sam e tension  w hen the  pH 
w as lower) irrespective of the thyroid state , w hich is in  contradiction to 
the  resu lts  obtained from fast fibres in the  euthyroid s ta te  (Metzger & 
Moss, 1987; Cooke et al., 1988; Godt & Nosek, 1989).
The slight increase observed in  the sub  m axim al tensions a t m ost 
calcium  concentrations a t low pH (Fig. 6.3), irrespective of the  thyroid
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s ta tu s , could explain the increase in  calcium  sensitivity  in as m uch  as 
strong cross bridges enhance co-operative in teractions. This would also 
explain the  lower Hill coefficient, n  values (Table 6..3), T h a t is, the  
n u m b er of strong  cross bridges increases, so for a  given [Ca2+], the  
num ber of active th in  filam ent un its  increases, and  so isom etric tension 
and  calcium  sensitivity  bo th  increase. W ith a  high calcium  sensitivity, 
activation of the th in  filam ent will be m ainly lim ited by Ca2+ binding, 
w hich is only slightly co-operative (Gabarek et al., 1983; Zot & Potter,
1987), and  so the  Hill coefficient, n  decreases.
As to how H+ ions could increase the sub  m axim al tensions, th is 
is no t apparent, b u t the possibility arises th a t dysthyreosis changed the 
m yosin light chains and  regulatory  pro teins in  su c h  a  m an n er a s  to 
enhance Ca2+ sensitivity a t low pH.
Finally, the m ain reason  for the  TFL fibre resu lts  is m ost probably 
due to the biological variability of the  fibres, especially since the resu lts  
were calculated from regression lines th a t were not significantly different. 
In addition, of all the  reports on the effect of pH on euthyroid fast fibres, 
none have reported an  increase in  calcium  sensitivity.
The TFL fibre Hill p lo ts (Fig. 6.3), show  th a t  w hen pH w as 
decreased  from 7.0 to 6.6, the  free [Ca2+] required  to obtain  pCa^H
decreased by a  factor of 0.69 in hyperthyroid TFL fibres as compared 
to a  factor of 0 .66 in  hypothyroid TFL fibres (Table 6.3). The free [Ca2+] 
req u ire d  to  o b ta in  pCa^Q also decreased  by  a factor of 0.91 in
hyperthyroid soleus fibres as com pared to a factor of 0.55 in hypothyroid 
soleus fibres.
The Hill coefficient, n  decreased in hyperthyroid TFL fibres by 0.82- 
fold w hereas it increased in  hypothyroid TFL fibres by 1.14-fold., w hen 
pH w as decreased from 7.0 to 6.6 (It m u st be borne in m ind th a t these
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resu lts  were calculated from regression lines w hich were no t significantly 
different). T his d ifferential effect of n  m ight be explained by  the  
observation th a t Metzger & Moss (1987) found n  to increase in slow and 
decrease  in  fa s t eu thyro id  fibres, and  since a s  ou tlined  earlier the  
dynam ic equilibrium  of the fibres shifts from slow to fast in the  direction 
hypo- to hyperthyroid, th en  the hypothyroid TFL fibres would be expected 
to have an  increased n  value.
In b o th  thyroid s ta te s  of the  TFL fibres, th e  sensitiv ity  of the  
contractile appara tu s  increased w hen pH w as reduced to pH 6.6 b u t the 
increase was larger in hypo- th an  hyperthyroid fibres.
Table. 6 .3 : Summary of Hill data of single skinned fibres from hyper- and hypothyroid 
TFL m uscles which have been analysed (in different fibre preparations) in various Ca2+ 
activating solutions of pH 7.0 and pH 6.6.
Hyperthyroid 
pH 7.0 pH 6.6
Hypothyroid 
pH 7.0 pH 6.6
pCa^H 6,39 6.55 6.35 6.53
pCaso 5.77 5.81 5.60 5 .86
n 2.44 ± 0.28 2.01 ± 0.39 1.99 ± 0.10 2 .26  ± 0.29
ratio of n 0.82 1.14
It m u st be pointed ou t th a t Metzger & Moss (1987) used  two best- 
fit stra igh t lines ra th e r th an  one, for the  construction  of Hill plots. As a 
consequence, two Hill coefficients were obtained by them  for each plot: 
n i  w hich corresponded to the  slope of the fitted line for Pp greater th a n  
abou t 0.5, th is rem ained unchanged  in  bo th  slow and  fast fibres w hen 
pH w as reduced. And n 2 w hich corresponded to the slope of the fitted line 
Pr less th a n  ab o u t 0.5, th is  increased  in  slow and  decreased  in fast 
fibres. However, in the  p resen t s tu d y  the  d a ta  were b est fitted by one 
stra igh t line.
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In short, the  differential effect of Ca2+ sensitivity  betw een hypo- 
and  hyperthyroid so leus fibres is consisten t w ith the Ca%+ sensitivity  
differences obtained in  euthyroid  slow and  fas t fibres. However, the  
resu lts  (non significant) obtained betw een hyper- and  hypothyroid TFL 
fibres are a t variance w ith observed euthyroid com parisons of slow and 
fast fibres.
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EFFECT OF pH ON MAXIMUM TENSION
The m axim al isom etric tension  per u n it CSA a t pH 6.6, (Pe.e) was 
elicited  by a  pC a 5 .18  an d  a  pC a 5 .60  so lu tio n  for hyper- and  
hypothyroid soleus m uscle fibres respectively (Fig. 6.2). Pe.e w as 9% 
higher in hyper- th an  in hypothyroid soleus fibres (Table 6.4).
In the presence of high [Ca2+] a  decrease in  the  m axim um  tension 
w as obtained, for the T /p C a  relationships a t pH 6.6. T hus a t the  end of 
the  pH 6.6 T /p C a  relationship, the  tension  per u n it CSA produced by a 
pCa 4.10, pH 6.6 (Pca e.e) (i.e. a t m axim al calcium  activation a t pH 6.6) 
solution was reduced in bo th  hyper- and  hypothyroid soleus fibres. With 
the  hyperthyroid fibres having a  significantly higher (37%) Pca 6.6 value 
th a n  the  hypothyroid fibres.
The isom etric ten sion  per u n it CSA a t pC a 4 .14, pH 7.0 (P7 .0 ) 
(obtained in  the  sam e fibre, after m easuring  Pca 6.e) w as slightly (7%) 
higher in hyper- th an  hypothyroid soleus fibres.
Table 6 .4: Isometric tension and isometric tension per CSA of the soleus muscle fibres 
from hyper- and hypothyroid rats at pH 6.6 and pH 7.0.
Hyperthyroid Hypothyroid
Maximal 
tension at 
pH 6.6
Tension (mg) 
Pg 6 (kN/m2)
32.11 ± 2.34 (28) 28.54 ± 1.98 (24) 
118.69 ± 8.08 108.88 ± 7.21
Tension at 
pCa 4.10, pH 6.6
Tension (mg) 
PCa 6.6 (kN/m2)
21.38 ± 1.70 (28) * 15.46 ± 1 .19 (24) 
79.13 ± 6.17 * 57.57 ± 3.25
Tension at 
pCa 4.14, pH 
7.0
Tension (rag) 
P7.0 (kN/mi2)
48.04 ± 3.30 (24) 44.07 ± 3.04 (22) 
180.80 ± 12.80 168.68 ± 9.32
* P < 0.05, hyper- vs. hypothyroid
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Pe.6 w as elicited by a  pC a 5.18 so lu tion  in  bo th  hyper- and  
hypothyroid  TFL fibres (Fig. 6.3). At the  end of th e  pH 6 .6  T /p C a  
rela tionsh ip , Pca 6.6 w as reduced in  bo th  hyper- and  hypothyroid TFL 
fibres. A lthough Pca 6.6 w as 14% higher and  P7 . 0  w as 25% higher in 
hyper- th an  hypothyroid TFL fibres, both  were non significant (Table 6.5).
Table 6 .5 : Isometric tension and isometric tension per CSA of TFL m uscle fibres from 
hyper- and hypothyroid rats at pH 6.6 and pH 7.0.
Hyperthyroid Hypothyroid
Maximal tension at 
pH 6.6
Tension (mg) 
Pg g (kN/ni2)
35.90 + 4.88 (11) 35.15 ± 3.76 (20) 
91.09 ± 8.84 97.31 ± 10.15
Tension at 
pCa 4.10, pH 
6.6
Tension (mg) 
P C a e . 6  (kN/m2)
35.30 ± 5.04 (11) 27 .96  ± 2.89 (20) 
89.44 ± 8.71 78.24 ± 8.31
Tension at 
pCa 4.14, pH 
7.0
Tension (mg) 
P7,o(kN/m2)
57.41 ± 7.65 (10) 42.68 ± 4.22 (19) 
146.52 ± 12.78 117.39 ± 11.74
Expressing Pe.e relative to P7.0  (Fig. 6.4) shows th a t the depression 
of tension  due to a  reduction  in  pH from 7.0 to 6 .6  occurs to a  sim ilar 
extent in  hyper- soleus, hypo- soleus and hyperthyroid TFL fibres w hilst 
the hypothyroid TFL fibres, a lthough depressed, m ain tain  a  significantly 
larger proportion of the tension obtained a t pH 7.0.
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Fig. 6 .4 : Variations in maximum tension with a change in pH in hyperthyroid soleus
(—— ■-----), hypothyroid soleus ( a-— ), hyperthyroid TFL (—— —) and hypothyroid
TFL {•— A-----) single skinned fibres. Relative tensions were obtained by dividing the 
maximum isometric tension at pH 6.6 (Pg. g) by the maximum Isometric tension in that 
sam e fibre at pH 7.0  (P7 . 0). Each point represents the m ean of values from 10 to 24  
fibres. Hypo- TFL > hyper- soleus, P < 0.05; > hypo- soleus, P < 0.005; > hyper- TFL, P < 
0.05.
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The m axim um  tension  a t pH 6.6 (Pe.e) com pared to the  m axim um  
tension  a t pH 7.0 (P7 .0) w as found to decrease by 21 -  36% in fibres from 
b o th  types of m uscles, irrespective of thyroid s ta tu s . This resu lt is in 
qualitative agreem ent to those reported previously in sldnned fibres from 
skeletal m uscles from euthyroid anim als where acidic pH w as found to 
red u ce  isom etric  ten s io n  (Fabiato & Fabiato , 1978; D onaldson  & 
H erm ansen, 1978; R obertson & Kerrick, 1979; D onaldson, 1984; Chase 
& Kushm erick, 1988; Cooke et al., 1988; Metzger & Moss, 1987, 1988, 
1990a; Godt & Nosek, 1989). Although, it h as been show n in fibres from 
euthyroid anim als th a t m axim um  tension is depressed more in fast th an  
slow fibres, w hen pH is reduced to 6.5 (Donaldson, 1984; Metzger & 
Moss, 1987, 1990a), th is is no t in agreem ent with the p resen t study. It is
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possible th a t due to the  m ilder acidity (pH 6 .6 ) u sed  in the  p resen t study  
th is  did no t allow for differentiation betw een the  four different groups, 
and  in  fact M etzger & M oss (1987, 1990a) found the  differentiation 
between the slow and fast fibres to increase as pH w as lowered further to 
pH 6.2, w ith respect to the  depression of tension. The hypothyroid TFL 
fibres were the  only group w hich w as significantly different from  the 
o th er th ree  g roups. As to w hy th e  hypothyroid  TFL fibres h ad  a  
significantly higher resistance to the fall in  tension th a n  the  others, th is 
could be due to th e  lower P7 .0  value obtained (Table 6.5) or due to 
hypothyroidism  affecting the  contractile appara tu s, however the  form er 
of these  explanations is the  m ost likely.
The m echanism  by w hich low pH reduces tension is not known for 
certain. There is disagreem ent as to w hether H+ ions decrease (Blanchard 
et al. 1984) or leave unchanged (Fuchs, 1979) the affinity of Ca2+ binding 
sites on troponin. However, the  finding th a t Ca%+ insensitive tension  is 
sim ilarly affected as Ca2+ activated tension a t low pH (Metzger & Moss,
1988) m akes the above disagreem ent irrelevant.
The decrease in  tension  a t pH 6 . 6  in the p resen t s tudy  is probably 
due to altered  kinetics of cross bridge function leading to a  reduced 
n u m b er of active cross b ridges a n d /o r  to reduced  ten sion  of the  
individual cross bridge (Fabiato & Fabiato, 1978; Metzger & Moss, 1988). 
As to which of these  possibilities is predom inant can  only be conjectured 
at. It could be largely due to a decrease of tension  per cross bridge. 
Indeed it h a s  been  show n on live euthyroid  fibres th a t  decrease  in 
contractile function leads to reduced num ber of cross bridges b u t m ost 
significantly to reduced tension  per cross bridge (Edm an & Lou, 1990). 
F urtherm ore, Metzger & Moss (1990a) found a reduction  in bo th  the 
num ber and  the in trinsic  streng th  of the  cross bridges in  fast euthyroid 
fibres w h ilst only th e  in trin sic  s tre n g th  of the  cross bridges were
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decreased w ithout an  apparen t decrease in the num ber of cross bridges in 
slow eu thyro id  fibres. This re su lt h a s  been  proposed as one of the  
reasons for the  differential effect of H+ ions of m axim al tension  on slow 
and fast m uscle fibres.
Interestingly, P c a  6.6 relative to Pe.e w as also reduced in fibres from 
b o th  types of m uscles, irrespective of thyroid s ta tu s  (Fig. 6.5). The 
m agnitude of the effect w as dependent upon  the  fibre type and  thyroid 
s ta tu s . For example, the reduction w as the largest in the  direction hypo- 
soleus > hyper- soleus > hypo- TFL > hyper- TFL.
Fig. 6 .5 : Variations in tension with increasing [Ca2+] at pH 6.6, in hyperthyi'oid soleus
(-----• ---- ). hypothyroid soleus (-'-■o----- ), hyperthyroid TFL (------®-----) and hypothyroid
TFL (- -  -«----- ) single skinned fibres. Relative tensions were obtained by dividing the
tension at pCa 4.10, pH 6.6, (Pca 6. e) by the maximum tension in that same fibre at pH 
6.6 (Pg, g). Each point represents the mean (± SEM) of values from 10 to 24 fibres. Hyper- 
TFL > hypo- TFL, P < 0.05; > hyper- soleus, P < 0.005; > hypo- soleus, P < 0.005. Hypo- 
TFL > hyper- soleus, P < 0.005; > hypo- soleus, P < 0.005. Hyper- soleus > hypo- soleus. 
P < 0.005.
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The decrease in tension  from the m axim um  tension obtained a t pH 
6.6 as the  [Ca2+] increased w as 10 -  21% in TFL fibres and 35 -  48% in 
soleus fibres.
This decrease w as a  direct consequence of dysthyreosis, because 
w here investigators have looked a t the  effects of pH on slow or fas t 
eu thyroid  m uscle fibres, no one h a s  reported  significant lowering of 
tension  w ith increasing [Ca2+]. However, a  decrease in tension  h as  been 
reported for cardiac cells (Fabiato & Fabiato, 1978; Godt & Nosek, 1989) 
w ith  su p ra  optim al [Ca2+]. T his w as related  to the  decrease seen  in 
m yofib rilla r A TPase activity  (Portzehl e t al., 1969) w hen [Ca2+] is 
increased above lO '^ M. Therefore, it is possible th a t dysthyreosis shifted 
the  sensitivity of myofibrillar ATPase to H+ ions in su ch  a  m anner as to 
achieve m axim al tension  a t abou t 10 ^ m and any  fu rth er increase in 
[C a2+ ] show s a decrease  in  ten s io n  as seen. This w ould also be 
consisten t with the observed decrease in Vmax-
This decrease in  tension  is likely to be due to a  decrease in  the 
num ber of strong cross bridges. Since it h as  been suggested (Metzger & 
Moss, 1990a) th a t tension per cross bridge a ttachm ent a t  constan t pH is 
unaffected by changes in [Ca2+].
In conclusion , th e  re su lts  ob tained  for th e  Ca2+ sensitiv ity , 
m axim al tension  and  Vmax are consisten t w ith the idea th a t hypo- and 
hyperthyroidism  merely altered the dynamic equilibrium  of the regulatory 
an d  contractile  p ro te in s from  slow to fast in the  d irection hypo- to 
hyperthyroid. A lthough, no differentiation, w ith resp ec t to contractile  
dysfunction, of slow and  fast fibres w as observed. This is probably a  
reflection of the m ilder acidity used  in the p resent study.
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CONTRACTILE PROPERTIES OF HYPER /HYPOTHYROID 
SOLEUS AND TFL FIBRES AT 25 °C, pH 7 .0 , 7 .5  mM Pi
For bo th  the  so leus and  TFL m uscle fibre m easu rem en ts , the  
weight and  core tem perature of the anim als was slightly higher and lower 
respectively, in  hyper- th a n  in  hypothyroid anim als (Table 7.1). All the  
fibres sam pled  betw een the  two different thyroid s ta te s , w ithin  each 
m uscle type, had  sim ilar d iam eters. This suggests th a t  (within each 
m uscle type) the sam e fibre type w as sam pled betw een the two different 
thyroid states.
Table 7 .1 : Measurements of soleus and TFL muscle fibres from hyper- and hypothyroid 
rats at 7.5 mM Pj and 0 mM P^ . Vmax 7.5mM was measured at pCa 4.14, pH 7.0, 7.5 mM 
Pi, at the end of the 7.5 mM Pj T/pCa relationship. Vmax 7,0 was measured at pCa 4.14, 
pH 7.0, after having obtained Vmax 7.5mM hi the same fibre.
Hyperthyroid Hypothyroid
Rat weight (g)
Core temperature (°C) 
Fibre diameter (pm)
Vmax 7.5mM (LoS" ^ ) 
Vmax 7.0 (LoS“l)
SOLEUS
3 9 8 . 8 0  ±  7 . 8 2  (N = 4)
3 7 . 2 8  ± 0 . 1 9  (4)
5 9 . 6 8  ± 1 . 5 1  (14)
4 . 7 2  ± 0 . 5 7  (12)
4 . 9 7  ± 0 . 5 8  (12)
3 8 5 . 0 0  ± 5 . 6 5  (N = 4) 
3 6 . 2 5  ± 0 . 2 5  (4)
6 1 . 0 2  ± 1 . 9 6  (16)  
4 . 5 2  ± 0 . 5 2  (15)  
4 . 6 3  ± 0 . 4 2  (15)
TFL
Rat weight (g)
Core temperature (°C) 
Fibre diameter (pm)
Vmax 7.5mM (LqS'I)
Vmax 7.0 (LoS'l)
4 0 4 . 5 0  ± 6 . 2 5  (N = 4) 
3 7 . 0 0  ± 0 . 2 0  (4)
6 8 . 4 9  ± 3 . 8 0  (15)  
1 2 . 4 4  ± 1 . 4 9  (13)  
1 2 . 8 8  ± 1 . 3 8  (12)
3 7 4 . 3 3  ±  1 6 . 6 8  (N = 3) 
3 6 . 1 7  ± 0 . 4 4  (3)
7 1 . 0 9  ± 3 . 9 5  (13)  
1 1 . 5 6  ± 1 . 4 0  (12)  
1 1 . 6 6  ± 1 . 2 4  (11)
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EFFECT OF Pi UPON Vmax
W ithin bo th  m uscle types, th e  hyper- and  hypothyroid Vmax 7.0 
values were only slightly (non significant) higher th a n  Vmax 7.5mM values 
(Table 7.1). Therefore, in  general, the  Vmax values were unchanged  in 
bo th  so leus and  TFL fibres a t increased  [Pi], irrespective of thyroid 
s ta tu s , w hich agrees w ith resu lts obtained by previous investigators from 
euthyroid fibres (Luney & Godt, 1987; Chase & Kushmerick, 1988; Cooke 
et al., 1988; Pate & Cooke, 1989a).
The experimentally observed resu lts  (above), agree w ith theoretical 
therm odynam ic predictions, of Vmax being unchanged a t increased [PJ. 
In th is respect, Pate & Cooke (1989b) concluded th a t there is little effect 
on Vmax because  a t  physiologically relevant concen tra tions of Pi, the 
release of Pi occurs n ear the  free energy m inim um  of the AM-ADP-Pi sta te  
to the  highly s tra in ed  AM'-ADP s ta te  (Fig. 1.1, s tep  5). A lthough 
increased  Pi reverses th is step, m yosin heads near the  m inim um  of the  
AM-ADP-Pi sta te  generate little tension, and they  release Pi before they 
generate significant negative work.
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EFFECT OF Pi UPON Ca2+ SENSITIVITY
Generally, for any given calcium  concentration, fibres from both  
soleus and TFL m uscles, generated significantly higher tensions a t 0 niM 
Pi th an  at 7.5 mM Pi, irrespective of thyroid s ta tu s  (Figs. 7.1 & 7.2).
Generally, in both  thyroid sta tes, irrespective of m uscle type, w hen 
th e  ten sio n s obtained a t each  phosphate  concentration , were scaled 
relative to the m axim um  tension  obtained (in the sam e fibre) a t the sam e 
phosphate  concentration  or scaled relative to the  tension  obtained (in 
the  sam e fibre) a t pCa 4.14, 0 mM Pi, the relative T /p C a  relationships 
were shifted to the  right a t 7.5 mM Pi w ith respect to those T /p C a  
rela tionsh ips obtained a t 0 mM Pi. This indicates a reduced calcium  
sensitivity  of tension  developm ent w ith  increased  Pi, i.e. a  h igher free 
[Ca^+l w as required  to obtain  the  sam e tension  w hen the  inorganic 
phosphate concentration was increased.
The re su lts  above are  sim ila r to those  re su lts  repo rted  by 
investigators using  euthyroid slow and fast fibres (Brandt e t al., 1982; 
Hoar e t al., 1987; Godt & Nosek, 1989; Millar & Hom sher, 1990; M artyn 
& Gordon 1992). Although, a t p resen t there are no known reports of any 
differential effect of P} on the Ca2+ sensitivity betw een slow and  fast 
fibres or betw een the  two types of fast fibres. It h a s  been  reported by 
Godt & Nosek (1989) th a t Pi affects the  Ca2+ sensitivity of cardiac fibres 
more th a n  fast fibres. This tends to agree with the p resen t resu lts which 
showed a larger decrease in calcium  sensitivity in the soleus fibres th an  
the TFL fibres irrespective of the thyroid sta tus.
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Fig. 7 .1 : Effect of Pj on single sMnned fibres from hyperthyroid and hypothyroid soleus
m uscles. Mean values (± SEM) at 0  mM P^ , (----- ®---- ) and at 7.5 mM Pj, ( o  ) for
hyperthyroid fibres and at 0 mM Pj, (— @-----) and at 7 .5  mM P^ , (■ o  •) for
hypothyroid fibres were obtained from 12 to 28 fibres. In all the fibres studied at 7.5 mM 
Pi, the maximum tension was always achieved at a free [Ca2+] well below pCa 4.14, and 
higher Ca2+ led to significantly lower tension. Thus data for these fibres is scaled relative 
to the actual maximum tension obtained.
a) & e) Isometric T/pCa relationships.
b) & f) Relative T/pCa relationships. For the 7.5 mM P| T/pCa curve, the 
isometric tension at each [Ca2+j at 7.5 mM Pi, was scaled relative to the 
maximum tension generated in the same fibre at 7.5 mM Pj (P7. 5 #^) •
c) & g) Relative T/pCa relationships. For the 7.5 mM Pi T/pCa curve, the 
isometric tension at each [Ca2+] at 7.5 mM Pi, was scaled relative to the 
maximum tension generated in the same fibre at 0 mM P| (P7 ,0 ) •
d) & h) Average Hill plots of individual relative (Pi.smw) T / p C a  
relationships.
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Fig. 7 .2: Effect of Pj on single skinned fibres from hypeithyroid and hypothyroid soleus
m uscles. Mean values (± SEM) at 0  mM P^ , {----- *---- ) and at 7.5 mM Pj, (...... ^ ......) for
hyperthyroid fibres and at 0 mM P^ , (— »-----) and at 7.5  niM Pj, (.........•<>■....) for
hypothyroid fibres were obtained from 12 to 18 fibres. In all the fibres studied at 7.5 mM
Pi, the maximum tension was always achieved at a free [Ca2+] well below pCa 4.14, and 
higher Ca.2+ led to significantly lower tension. Thus data for these fibres is scaled relative 
to the actual maximum tension obtained.
a) & e) Isometric T/pCa relationships.
b) & f) Relative T/pCa relationships. For the 7.5 mM P; T/pCa curve, the 
isometric tension at each lCa2+] at 7.5 mM P,, was scaled relative to the 
maximum tension generated in the same fibre at 7.5 mM Pj (P? .smM) •
c) & g) Relative T/pCa relationships. For the 7.5 mM Pj T/pCa curve, the 
isometric tension at each [Ca^+l at 7.5 mM Pj, was scaled relative to the 
maximum tension generated in the same fibre at 0 mM Pj (P7, o ) •
d) & h) Average Hill plots of individual relative (Pi.smw) T / p C a  
relationships.
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The Hill plots (Figs. 7.1 & 7.2) show th a t w hen Pi w as increased 
from 0 mM to 7.5 mM, the  free [Ca2+] required to obtain pCa^H increased
by a  factor of 7.59 in hypothyroid soleus fibres as com pared to a  factor of 
4 .17 in  hyperthyroid soleus fibres, and by a  factor of 2.40 in  hyperthyroid 
TFL fibres as com pared to a  factor of 2 .00 in  hypothyroid TFL fibres’ 
(Tables 7.2 & 7.3).
Table 7 .2 : Summary of Hill data of single skinned soleus fibres from hyper- and 
hypothyroid rats which have been analysed (in different fibre preparations) in various 
Ca2+ activating solutions of 7.5 mM Pi and 0 mM Pj.
Hyperthyroid 
0 mM Pj 7.5 mM Pj
Hypothyroid 
0 mM Pj 7.5 mM Pj
pCa^H 6.67 6.05 6.87 5.99
pCaso 5.80 5.52 5.89 5.40
n 1 .73  ± 0.10 + 2.87 ± 0.13 1.54 ± 0.15 * 2.54 ± 0.41
ratio of n 1.66 1 .65
* P < 0.05, 0 mM vs. 7.5 mM P{ (hypo-); P < 0.005, 0 mM vs. 7.5 mM Pj (hyperthyroid)
Table 7 .3: Summary of Hill data of single skinned fibres from hyper- and hypothyroid TFL 
m uscles which have been analysed (in different fibre preparations) in various CaZ + 
activating solutions of 0 mM P* and 7.5 mM Pj.
Hyperthyroid Hypothyroid
0 mM Pj 7.5 mM Pj 0 mM Pj 7.5 mM Pj
pCaTH 6.39 6.01 6.35 6.05
pCaso 5.77 5.51 5.60 5 .59
n 2.44 ± 0.28 2 .99  ± 0.19 1 .99 ± 0.10 + 3.22 ± 0.13
ratio of n 1 .23 1.62
P < 0.005, 0 mM vs. 7.5 mM Pj (hypothyroid)
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The free [Ca2+] required to obtain  pCa^o increased  by a  factor of 
3 .09 in  hypothyroid so leus fibres as com pared to a  factor of 1.91 in 
hyperthyroid soleus fibres, and  by a  factor of 1.82 in  hyperthyroid TFL 
fibres as com pared to a  factor of 1.02 in hypothyroid TFL fibres. i
T hus, in  all cases th e  sensitiv ity  of the  con tractile  a p p a ra tu s  
decreased w hen phosphate  w as increased to 7.5 mM b u t the decrease in 
sensitivity w as larger in hypo- th a n  in hyperthyroid soleus fibres w hilst it 
w as larger in hyper- th an  in hypothyroid TFL fibres.
The Hill coefficient, n  increased to a  sim ilar ex tent in bo th  hyper- 
and  hypothyroid so leus fibres w hereas, n  increased  by 1.23-fold in 
h y p erthy ro ld  TFL fibres a s  com pared  to a  1.62-fold in c rease  in  
hypothyroid fibres. This increase in the  Hill coefficient, n, in the  soleus 
and  TFL fibres irrespective of thyroid  s ta tu s  w as also observed in 
euthyroid  slow and  fas t fibres (Brandt e t al., 1982; H oar et al., 1987;
Millar & Homsher, 1990). i
A possible explanation for the  decrease in calcium  sensitivity m ay 
be th a t. Pi m ight affect Ca2+ sensitiv ity  by d irect effects on filam ent 
charge. For example, Pj could affect calcium  binding if elevated P| caused 
a  change in  m yofilam ent charge density . However, b ecau se  th e  
m yofilam ents have a  n e t negative charge a t pH 7.0 (Collins & Edwards,
1971) Pi b inding  to charged sites would increase  m yofilam ent charge 
density  and lead to an  increase  in  calcium  sensitivity  ra th e r th a n  the 
observed decrease (Martyn & Gordon, 1988)
Alternatively, if Pi decreases tension mainly by shifting the strongly 
bound cross bridges to the  weakly bound cross bridges as is thought to 
happen  (see next section) then  th is could partially explain the effect of Pi 
on calcium  sensitiv ity  of th e  con tractile  a p p a ra tu s  in  a s  m u ch  as 
a ttached  cross bridges are though t to increase the calcium  sensitivity of 
Tn on the  th in  filam ent th rough  co-operative in te rac tions (Bremel &
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W eber, 1972; Fuchs, 1977; Brozovich et al., 1988). In addition, it could 
also explain the observed increase in the Hill coefficient, n.
T hat is, as [Pj] increases, the  n u m b er of strong  cross bridges 
decreases; and  so for a  given [Ca2+], the  num ber of active th in  filam ent 
u n its  decreases, and  so isom etric tension  and calcium  sensitivity both  
decrease. W ith a  low calcium  sensitivity, th in  filam ent activation will be 
largely limited by the binding of strong cross bridges w hich is highly co­
operative (Tïybus & Taylor, 1980; Greene & Eisenberg, 1980), so the Hill 
coefficient, n  increases.
As outlined earlier m any o ther factors w hich can  influence the  
position and  steepness of the  T /p C a  re la tionsh ips are possible target 
sites for Pi to decrease Ca2+ sensitivity. For example Pi m ight alter Ca2+ 
binding. However, evidence suggests (Kentish & Palm er, 1989) th a t 
elevated Pi does not affect calcium  binding to TnC.
Furtherm ore, if the decrease in  Ca2+ sensitivity w as due solely to a  
decrease in  strong cross bridges then  the effect of Pi to increase the Hill 
coefficient, n  shou ld  have been  differentiated in th e  sam e m anner. 
However, th is  w as n o t the  case, and  in fact, Pi increased  th e  Hill 
coefficient, n  to a  s im ila r ex ten t in  all four experim en tal s ta te s , 
suggesting  th a t  only p a rt of th e  decrease  in C a2+ sensitiv ity  w as 
m ediated through a decrease in  the num ber of strong cross bridges and 
o ther factors, are able to reduce Ca2+ sensitivity w ithout affecting the  co- 
operatlvity.
In essence  th e  righ tw ard  sh ift of the  T /p C a  re la tio n sh ip  a t 
increased  inorganic phospha te  concentra tion  in the  p resen t s tudy  is 
consisten t w ith the  idea th a t hypo- and  hyperthyroidism  merely shifted 
th e  equ ilib rium  of th e  fib res w ith  resp ec t to th e  regu la to ry  and  
contractile  p ro teins from slow to fast respectively. Moreover, the  effect 
w as larger in  the  soleus th a n  TFL fibres.
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EFFECT OF Pi UPON MAXIMUM TENSION
The m axim al isom etric tension  per u n it CSA a t 7.5 mM Pi (Py.smM) 
w as elicited by a  pC a 5 .14 so lu tion  for bo th  hyper- and  hypothyroid 
soleus fibres (Fig. 7.1). Py.smM w as 11% (non-significant) higher in hyper- 
th a n  hypothyroid fibres (Table 7.4).
In the presence of high [Ca2+] a  decrease in  the  m axim um  tension 
w as obtained for the  T /p C a  relationships a t 7.5 mM Pj. T hus a t the end 
of the  7.5 mM Pi T /p C a  relationship, the  isom etric tension  per u n it CSA 
produced by a  pCa 4.14, 7.5 mM Pi (Pca 7 .5mM) (i.e. a t m axim al calcium  
activation a t 7.5 mM PO solution w as higher (18%) in  hyper- th a n  in 
hypothyroid soleus fibres.
The isom etric tension  per u n it CSA a t pCa 4.14, 0 mM Pi (P7 .0) 
(obtained in the  sam e fibre, after m easuring  Pca 7.5mM) w as essentially  
unchanged between hyper- and hypothyroid soleus fibres.
Table 7 .4 : Isometric tension and isometric tension per CSA of soleus m uscle fibres from 
hyper- and hypothyroid rats at various Ca2+ concentrations in solutions of 7.5 mM Pj 
and 0 mM Pj.
Hyperthyroid Hypothyroid
Maximal 
tension at 
7.5 m M  Pj
Tension (mg)
P7.5mM(kN/rn2)
42.02 ± 6.52 (14) 
150.36 ± 12.76
40.33 ± 5.78 (16) 
135.13 ± 12.44
Tension at 
pCa 4.14, 7.5 m M  Pj
Tension (mg) 
PQa 7. 5mM (kN /m ^)
23.81 ± 3.45 (14) 
85.23 ± 8.98
21.33  ± 2.91 (16) 
72.50 ± 7.56
Tension at 
pCa 4.14, 
O m M P j
Tension (mg) 
P,_o(kN/m2)
43.36 ± 6.78 (12) 
155.17 + 13.49
45.40 ± 6.09 (15) 
153.96 ± 12.93
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For TFL fibres Py.SmM w as elicited by a  pCa 5.14 solution in  both  
hyper- and  hypothyroid TFL fibres (Fig. 7.2). Although, Py.smM was 17% 
higher in  hyper- th a n  hypothyroid fibres it w as non  significant. At the 
end of the  7.5 mM P iT /p C a  re la tionsh ip , Pca 7 .5mM w as reduced to a  
sim ilar ex ten t in  b o th  hyper- and  hypothyroid TFL fibres. P7 .0  w as 
slightly higher in hyper- th an  hypothyroid TFL fibres (Table 7.5).
Table 7 .5 : Isometric tension and isometric tension per CSA of TFL m uscle fibres from 
hyper- and hypothyroid rats at various Ca2+ concentrations at 7.5 mM Pj and 0  mM Pj.
Hyperthyroid Hypothyroid
Maximal tension at 7.5 mM Pj
Tension (mg) 
P 7 . 5 m M  ( k N / m 2 )
49.70 ± 5.21 (15) 39.75 ± 6.51 (13) 
138.36 ± 12.41 118.32 ± 12.57
Tension at I Tension (mg) pCa 4.14, 1
7.5 mMP, Pc a7 . 5«( kN/ m2)
19.85 ± 3.15 (15) 18.25 ± 3.57 (13) 
54.87 ± 7.65 52.73 ± 5.06
Tension at I Tension (mg) 
pCa 4.14, 1
OmMPj 1 p.^  Q (kN/m2)
49.29 ± 5.78 (13) 46.00 ± 5 .76 (12) 
137.38 ± 15.49 135.16 ± 11.20
E x p ress in g  P 7 .5 mM relative to P7. 0  (Fig. 7.3) show s th a t  the  
m axim um  tension  a t 7.5 mM Pi com pared to the  m axim um  tension  a t 
0 .0  mM Pi decreased by 1 -  12%, And only the  hypothyroid fibres (from 
both  m uscle types) were significantly lower from control values.
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Fig. 7 .3 : Reduction in maximum tension due to an increase of Pj concentration in
hyperthyroid so leus (----- ■---- ), hypothyroid so leus ( o  ), hyperthyroid TFL
( A ) and hypothyroid TFL (.......... ) single skinned fibres. Relative tensions were
obtained by dividing the maximum isometric tension at 7.5mM P, (P?. smn) by the 
maximum isometric tension in that same fibre at pH 7.0 (Pi . 0). Each point represents 
the mean (± SEM) of values from 12 to 13 fibres.
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This resu lt is in qualitative agreem ent to those reported previously, 
in  sk inned  fibres from  slow and  fas t m uscle fibres from  euthyro id  
anim als w here increased phosphate  concentration w as found to reduce 
isom etric tension, although these  stud ies showed larger depressions in 
tension  th a n  the  p resen t study , th is  w as prim arily  due to a  larger Pi 
concen tra tion  u sed  (Hibberd et al,, 1985; Cooke & Pate, 1985; Kwai, 
1986; Webb et al., 1986; Nosek et al., 1987; Hoar et. al., 1987; Kwai et 
al., 1987; Cooke et al., 1988; Pate & Cooke, 1989a; Godt & Nosek, 1989; 
Neil & Hom sher, 1990; M artyn & Gordon, 1992). W here Pi w as increased 
to 7.5mM little or no change w as observed, concurring totally w ith the 
p resen t study  (Brandt et al., 1982).
It h as  been show n th a t Pi reduces m axim al tension  by shifting the 
s tro n g  ten s io n  p roducing  cross bridges to th e  w eak  non  ten s io n  
producing cross bridges (Hibberd & Trentham , 1986; Webb et al., 1986; 
D antzig e t al., 1987; Cooke et al., 1988; Pate & Cooke, 1989a, b). In
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short, Pi reverses step  5 (Fig 1.1) of the  cross bridge cycle (Pi release) by 
shifting the d istribution of cross bridges tow ards those s ta te s  w ith a  full 
com plem ent of bound products (ADP and Pi).
Therefore, since hypo- and  hyperthyroidism  is m erely changing the 
dynamic equilibrium  of the contractile proteins. The decrease in tension 
in the p resen t study  is m ainly due to a  decrease in  the  num ber of strong 
cross bridges as oppose to a  decrease in the tension  p er cross bridge. 
However, a  recen t report by M artyn & Gordon (1992) found Pi to decrease 
ten sion  b u t n o t stiffness (from low to lOmM PJ, a t  m axim al Ca2+ 
activation, suggesting decrease in tension  is due to a  decrease in the 
tension per cross bridge.
Interestingly, P c a  7.5mM relative to Py.smM was also reduced in  fibres 
from both  types of m uscles, irrespective of thyroid s ta tu s  (Fig. 7.4). The 
m agnitude of th is effect w as 46 -  52% in slow fibres and  52 -  60% in TFL 
fibres. The reduction w as largest in the direction hyper- TFL > hypo- TFL 
> hypo- soleus > hyper- soleus.
As outlined earlier, th is reduction occurs in cardiac cells and  could 
be due to the  effect on the  myofibrillar ATPase activity i.e.. Pi decreases 
tension  due to a decrease in myofibrillar ATPase activity. However Vmax 
w as unchanged, th u s  it is unlikely for myofibrillar ATPase activity to be 
reduced, therefore, another m echanism  is implicated (see below).
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Fig. 7 .4 : Reduction of tension at high [Ca^+j (pCa 4.14) in hyperthyroid soleus (-----»-----),
hypothyroid soleus (• o  •), hyperthyroid TFL (----- $-----) and hypothyroid TFL
(...... -O'...... ) single skinned fibres. Relative tensions were obtained by dividing the tension
at pCa 4.14, 7.5mM Pj, pH 7.0 (Pca i . Smn) by the maximum tension in that same fibre at 
O.OmM Pi, pH 7.0 (P7 .smn)* Each point represents the mean (± SEM) of values from 12 or 
13 fibres. Hyper-soleus> hyper- TFL, P < 0.05.
Maximal tension at, 
p H 7 .0 ,P i7 .5 m M ,2 5  *C
0 .9  - Tension at pCa 4 .1 4 ,  
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This decrease in tension  in  the  presence of H+ ions or Pi seem s to 
suggest a role for calcium  in  decreasing  tension . This is probably  to 
p ro tec t the fibre from dam age w hen under conditions of fatigue. This 
effect of negative inhibition by high [Ca2+] has probably been unm asked 
due to dysthyreosis.
A possible m echan ism  for th is  decrease  could be for Ca2+ to 
decrease the num ber of strong cross bridges (which is common effect of Pi 
and  H+ ions). In th is  respect Ca2+ h a s  been show n to affect the  cross 
bridge cycle (Metzger & Moss, 1990b, Millar & Hom sher, 1990; M artyn & 
Gordon, 1992). Moreover, the  differentiation of the  effect betw een the 
four experim ental groups could be due to presence of different isoforms of 
m yosin heavy and  light chains.
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EFFECT OF THYROID STATUS ON SOLEUS AND TFL (WHOLE)
MUSCLES
MYOFIBRILLAR ATPase ACTIVITY
The w eight of the  hyperthyroid  anim als (Table 8.1) w as slightly 
(9%) b u t significantly (P < 0.05) higher th a n  the hypothyroid anim als. The 
basa l m etabolic ra te  w as lower (2%) in hypo- th an  hyperthyroid anim als 
as reflected by the  decreased core tem pera tu re  of hypo- anim als w ith 
respect to hyperthyroid anim als, although it w as non-significant.
Table 8 .1: Animal and muscle weights of hyper- and hypothyroid rats.
Hyperthyroid Hypothyroid
Rat weight (g)
Core temperature (®C)
4 0 7 . 0 0  ±  1 1 . 5 1  (N = 6) * 3 7 3 . 1 7  ± 1 5 . 0 9  (N = 6) 
3 7 . 0 0  ± 0 . 2 6  3 6 . 3 3  ± 0 . 1 7
Soleus weight (mg) 
Soleus/body ratio (mg/g)
1 6 6 . 2 0  ± 6 . 3 0  1 5 7 . 8 0  ± 4 . 9 0  
0 . 4 1  ± 0 . 0 2  0 . 4 2  ± 0 . 0 2
TFL weight (mg) 
TFL/body ratio (mg/g)
3 1 3 . 4 0  ±  1 4 . 3 0  3 0 3 . 9 0  ± 1 1 . 7 0  
0 . 7 7  ± 0 . 0 4  0 . 8 1  ± 0 . 0 5
* P < 0.05, hyper- vs. hypothyroid
The m ean  so leus or TFL m uscle weights were no t significantly 
affected and  therefore there w as no real effect on the m uscle w eight/body 
w eight ratio  betw een hyper- and  hypothyroid an im als. This re su lt is 
co n sis ten t w ith  re su lts  ob tained  by previous investigato rs (Nicol & 
Bruce, 1981; Nicol & Jo h n sto n , 1981; Nicol & Maybee, 1982) who used  
sim ilar regim es to produce hypo- or hyperthyroidism  as in the  p resen t 
study. Thus, th is resu lt suggests th a t the growth and development of the 
an im als w as effectively norm al, w ithout any n e t anabolic or catabolic 
effects on either the  ra ts  as a  whole or the individual m uscles, despite
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the differing thyroid hormone levels.
For the so leu s  m u scles , the M g2+, EGTA myofibrillar ATPase 
activity (Table 8 .2) w as 100%  higher (p < 0.005) in hyper- than hypothyroid 
anim als, w hereas for the TFL m uscles it w as 41% higher (significant at 
the one tailed t-test level, P < 0.05). Similarly, the Mg2+ activated Ca2+ 
regulated myofibrillar ATPase activity (Table 8 .2 , Fig. 8 .1 ) of the soleus  
m u scles w as 81%  higher (P < 0.05) in  hyper- than hypothyroid anim als, 
w hereas for the TFL m u scles  it w as 16% higher (non-significant) in  
hyper- than hypothyroid animals.
Table 8.2: Mg2+, EGTA and Mg2+ activated Ca2+ regulated myofibrillar ATPase activity of 
soleus and TFL muscles from hyper- and hypothyroid animals. Activity units are pmoles 
of Pi/mg of protein/min and yield is expressed as mg of protein/g muscle. Values are 
mean ± SEM from between 5 and 6 animals.
Hyperthyroid Hypothyroid
Soleus
EGTA activity 0 . 0 7 6 ± 0 . 0 0 8 + 0 . 0 3 8 ± 0 . 0 1 0
Ca2+ activity 0 . 1 7 6 ± 0 . 0 1 6 * 0 . 0 9 7 ± 0 . 0 0 9
Ca2+ sensitivity (%) 58.20 ± 1 . 9 1 6 4 . 5 3 + 5.  80
yield 8 7 , 7 4 ± 3 . 2 7 7 8 . 8 3 ± 6 . 2 5
TFL
EGTA activity 0.  097 ± 0 . 0 1 2 0.069 ± 0 . 0 0 6
Ca2+ activity 0 . 4 1 8 ± 0 . 0 3 7 0 . 3 5 9 ± 0.039
Ca2+ sensitivity (%) 7 6 . 0 9 ± 2 . 7 6 8 2 . 6 2 ± 4 . 5 8
yield 8 7 . 2 3 ± 3 . 3 1 85.  82 ± 3.  81
* P < 0.05, P < 0.005, hyper- vs. hypothyroid
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Fig. 8 .1: Mg2+ activated Ca2+ regulated myofibrillar ATPase activity of hyper- {----- *-----)
and hypothyroid soleus ( m uscles and of hyper- (----- *-----) and hypothyroid
TFL (.......z s r - - - - )  muscles. The Ca2+ activated myofibrillar ATPase activity of the myofibrils
was calculated from the slope of the Initial straight line portion of the curves. Values are 
m ean ± SEM (which are indicated by the vertical bars or the size of the symbols used) 
from between 5 and 6 animals.
TFL
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The 2 . 3 - 3 . 7 fold higher myofibrillar ATPase activity in fast hyper- 
and  hypothyroid m uscles com pared to slow hyper- and  hypothyroid 
m uscles observed in the present study  agrees favourably with the study  of 
Baldwin et al. (1977) who found a 2 .3 - 3 .5 fold increase in  fast euthyroid 
m uscles compared to slow euthyroid m uscles.
The 81% Increase  in  th e  (Mg2+ activa ted  C a 2 +  reg u la ted ) 
m yofibrillar ATPase activity in hyper- com pared to hypothyroid soleus 
m uscles is in quantitative agreem ent w ith the resu lt obtained by Nwoye 
e t al. (1982) who found myofibrillar ATPase activity to be 82% higher. 
F u rtherm ore , th e  re su lt is also in quan tita tive  ag reem ent w ith  the  
re su lts  of investigators (lanuzzo et al., 1977, 1980 Jo h n s to n  et al., 
1980a) who m easured Ca2+ activated myosin ATPase activity.
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Although, the  p resen t resu lt contradicts the  resu lts  of F itts et al. 
(1980) who found no change in Mg2+ activated actom yosin ATPase activity 
in hyper- com pared to euthyroid soleus m uscles. The resu lts  obtained by 
F itts  e t al. (1980) could be a  consequence of com paring hyper- w ith 
euthyroid  m uscles as opposed to hyper- w ith hypothyroid, w here the  
resu lts  could become significant. On the other hand , a  recen t study, by 
Fitzsim ons et al. (1990) found no difference in the  myofibrillar ATPase 
activity betw een hyper- and  hypothyroid soleus m uscles. The reason for 
th is discrepancy does no t seem  apparent.
In fast m uscle, no previous resu lts  are known to exist for the  TFL 
m uscle, b u t  re su lts  ob tained  on o ther fast m uscles, a re  in  general 
agreem ent w ith the resu lts  obtained for the TFL m uscles in  the  p resen t 
study. For example, a  fast m uscle such  as the (white) gastrocnem ius has 
show n either a  non-significant increase (8%) in the  myofibrillar ATPase 
activity in  hyper- com pared to hypothyroid m uscles (Fitzsimons e t al., 
1990) or a  non-sign ifican t decrease  in  bo th  the  m yofibrillar ATPase 
activity (14%) and  the  Ca2+ activated m yosin ATPase activ ity  (9%) of 
hypothyroid m uscles com pared to euthyroid  m uscles (Leijendekker & 
Hardveld, 1987). Furtherm ore, lanuzzo et al. (1980) found the  Ca2+ 
activated m yosin ATPase activity of the  fast p lan taris  m uscle, relatively 
unchanged in hyper- compared to hypothyroid m uscles.
However, m easurem ents of myofibrillar ATPase activity in the (red) 
gastrocnem ius m uscle have show n a 53% (significant) increase in  the  
myofibrillar ATPase activity of hyper- com pared to hypothyroid m uscles 
(Fitzsim ons et al., 1990). Moreover, m easu rem en ts of Ca2+ activated 
m yosin  ATPase activity in  th e  fas t EDL m uscle have show n a  34% 
(significant) increase  in the  Ca2+ activated m yosin ATPase activity of 
hyper- com pared to hypothyroid m uscles (Nwoye & M om m aerts, 1981).
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Although, these resu lts contradict the ones obtained for the  TFL m uscles 
in  th e  p re se n t s tu d y  an d  previous s tu d ies  (lanuzzo et ah , 1980; 
Leijendekker & Hardveld, 1987; Fitzsim ons et al., 1990) they  can  be 
explained as follows:
In the red gastrocnem ius and  the  EDL m uscles the  m ajority fibre 
type is FOG w hereas in  the  TFL, p lan ta ris  and  w hite gastrocnem ius 
m uscles the  m ajority fibre type is FG (Ariano et al., 1973; A rm strong & 
Phelps, 1984). Therefore, the  difference in  sensitivity of thyroid levels to 
the  ATPase reaction seem s to lie in  the  fibre types, and  to th is  extent 
m uscles com posed prim arily  of FG fibres are less likely to be affected 
th an  m uscles composed of FOG fibres because investigators (e.g., Nwoye 
& M om m aerts, 1981) have found fast m uscle to be less responsive to 
thyroid  horm one levels th a n  slow m uscle, and  sim ilarly  it h a s  been  
reported th a t w ithin fast m uscles, the fast m uscles com posed prim arily 
of FG fibres are  even less responsive th a n  fas t m usc les com posed 
prim arily of FOG fibres (Sickles et al., 1987; Fitzsim ons et al., 1990) and 
hence the apparen t contradiction in the results.
The Ca2+ sensitivity betw een hyper- and hypothyroid m uscles of 
th e  so leus or the  TFL w as unchanged . This concurs w ith the  resu lts  
obtained by Leijendekker & Hardveld (1987) who found no significant 
effect on the  Ca2+ sensitiv ity  of m yofibrillar A TPase activity betw een 
hypo- and euthyroid m uscles. The unchanged Ca2+ sensitivity betw een 
hyper- and  hypothyroid m uscles of the  soleus or the  TFL m uscles tends 
to suggest th a t changes in  the ATPase activity were due to the contractile 
p ro teins alone, as there  w as no significant loss of calcium  sensitivity. 
Furtherm ore, since actin  is highly conserved (Vanderckhove & Weber, 
1979) th en  the ATPase activity changes are specifically due to changes in 
the  m yosin molecule and  consequently  due to the isoform s of m yosin
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heavy and light chains.
The yield of myofibrillar p ro te in /g  of m uscle w as not significantly 
different betw een hyper- and  hypothyroid soleus or TFL m uscles, and  
th ere  w as also no significant difference betw een the  so leus and  TFL 
m uscles, irrespective of thyroid  s ta tu s  (i.e. no significant difference 
betw een the  four groups studied). This agrees w ith resu lts  obtained by 
previous investigators (lanuzzo et al., 1977, 1980; F itts et al., 1980) who 
found no change in  the  actom yosin or myosin yield e ither from slow or 
fast hypo- and hyperthyroid m uscles.
This finding reinforces the  above conclusion  of no significant 
change in  th e  grow th and  developm ent of the  an im als. Secondly it 
suggests th a t mild dysthyreosis does no t change the contractile m aterial 
in  either the  soleus or TFL m uscles to any significant effect. Thirdly it 
concurs w ith re su lts  of previous investigators (e.g.. Close, 1972) who 
have show n no significant difference in  the  contractile m aterial in  slow 
and fast euthyroid m uscles.
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FIBRE POPULATIONS
The percentage (%) of FOG fibres w as twice as high (p < 0.05) in 
hyper- th a n  in  hypothyroid  so leus m usc les an d  consequen tly  the  
percentage of SO fibres w as four-fold lower (Table 8.3, p lates 8.1 & 8.2). 
This is because it  h a s  been show n th a t dysthyreosis h as no effect on the 
total num ber of fibres in slow or fast m uscles (Nicol & Bruce, 1981; Nicol 
& Jo h n sto n , 1981; Nicol & Maybee, 1982) and therefore any change in 
fibre populations is due to in ter conversion of fibre types.
Table 8 . 3 : Percentage of various fibre types identified histochem ically from soleus  
m uscles of hyper- and hypothyroid animals. Values are mean ± SEM of between 4  and 6 
animals.
Fibre type Hyperthyroid Hypothyroid
SO 67.04 ± 5.41 * 89.03 ± 2.60
FOG 32.96 ± 4.54 * 10.98 ± 2 .60
IC 11.87 ± 3.99 * 1.65 ± 0.78
lie 7 .35 ± 1.73 7.33 ± 2.12
* P < 0.05, hyper- vs. hypothyroid
The h igher percen tage of FOG fibres in hyper- and  the  lower 
p e rc en ta g e  of FOG fib res in  hypo thy ro id  so le u s  m u sc le s  an d  
consequently  decreased and  increased  levels of SO fibres respectively, 
observed in  the p resen t histochem ical study  confirm previous findings 
using  a  sim ilar regime to obtain  hypo- and  hyperthyroidism  as in the 
p resen t s tudy  (Nicol & Bruce, 1981; Nicol & Jo h n sto n , 1981; Nicol & 
Maybee, 1982).
As can  be seen in  p lates 8.1 and  8.2, in the soleus m uscles there 
w as a  sm all n um ber of fibres w ith SDH and m yosin ATPase activities 
h igher th an  SO fibres b u t  less th a n  FOG fibres. For the purpose of fibre
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counting  and  calculating the  percentage of SO and  FOG fibres, these  
in term ediate fibres were divided into two groups, those w ith a  degree of 
sta in ing  approxim ately closest to th a t  show n by FOG fibres (type IIC) 
and  those whose degree of stain ing m ade them  more like SO fibres (type 
IC). These transitional fibres corresponded to those described by S taron 
& Pette, 1987a, who found th a t the IC type fibres were histochem ically 
m ore like type I (SO) fibres, w hereas the  IIC type fibres appeared  
histochem ically to be more sim ilar to IIA (FOG) fibres.
The percentage of type IC fibres was m uch higher in hyper- (p < 0.05) 
th a n  hypothyro id  so leus m usc les w hereas th e re  w as no a p p a re n t 
difference between the  percentage of IIC fibres in the two different thyroid 
sta tes.
The higher percentage of transitional fibres (IC and  IIC) found in 
hyper- com pared to hypothyroid soleus m uscles is in  to ta l accord w ith 
the  s tudy  by M untener et al. (1987) who found a  sim ilar increase in the 
tra n s itio n a l fibres. The h igher percen tage  of tra n s itio n a l fibres in 
hyperthyroid m uscles, probably reflects the greater change which can be 
induced  in the  direction euthyroid  to hyperthyroid (i.e., the po ten tial 
increase  in  the  n u m b er of fa s t fibres) as opposed to eu thyro id  to 
hypothyroid (i.e., th e  potential decrease in the  n u m b er of slow fibres) 
soleus m uscles.
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Plate 8 .1 : Photographs of serial sections cu t from hyperthyroid soleus 
m uscles. Scale b ar represents 50 pm.
a) SDH sta in
b) Acid pre-incubated ATPase sta in  
c) ATPase sta in  (neutral fixation)
SO (Slow Oxidative) fibres s ta in  moderately, in tensely  and lightly, 
w hereas FOG (Fast Oxidative Glycolytic) fibres s ta in  intensely, lightly 
and intensely for the  SDH, acid pre-incubated and  neu tra lly  fixed sta in s 
respectively.
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Plate 8 .2 : Photographs of serial sections cu t from hypothyroid soleus 
m uscles. Scale bar represents 50 pm.
a) SDH sta in
b) Acid pre-incubated ATPase sta in
c) ATPase sta in  (neutral fixation)
SO (Slow Oxidative) fibres s ta in  moderately, in tensely  and lightly, 
w hereas FOG (Fast Oxidative Glycolytic) fibres s ta in  in tensely, lightly 
and intensely for the SDH, acid pre-incubated and  neutrally  fixed s ta in s 
respectively.
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In the  TFL m uscles (Table 8.4, plate 8.3), the  percentage of FG 
fibres w as slightly  h igher in  hyper- th a n  hypothyroid  m uscles and  
consequen tly  the  percen tage of FOG fibres w as lower in th e  la tte r. 
However, although the percentage of FG fibres tended to be (significant 
a t the  one tailed t- te s t level) higher in hyper- th a n  hypothyroid m uscles, 
the resu lts  were no t significant a t the two tailed t- te s t level.
Table 8 .4 : Percentage of various fibre types identified histochemically from TFL m uscles 
of hyper- and hypothyroid animals. Values are m ean ± SEM of 5 animals, in both 
instances.
Fibre type Hyperthyroid Hypothyroid
FG 85.89 ± 1.62 79.77 ± 2.31
FOG 13.99 ± 1.69 20.23 ± 2.31
For th e  TFL m uscles, th e  h igher percen tage  of FG fibres in 
hyperthy ro id  m u sc le s  com pared  to  hypothyro id  m u sc les  seem  to 
con trad ic t the resu lts  obtained by Sickles et al. (1987), who found no 
change w hen com paring hyper- w ith euthyroid m uscles. However, th is is 
more likely a  consequence of com parisons being m ade betw een hyper- 
and  euthyroid m uscles as opposed to comparing hyper- w ith hypothyroid 
m uscles as in  the p resen t study.
Moreover, Izumo et al. (1986) found no expression of the  type IIA 
(FOG) gene in eu- or hyperthyroid TFL m uscles, w hereas the expression 
of th is  gene w as newly induced  in  hypothyroid TFL m uscles. T hus 
providing a  possible explanation for the  higher percentage of FOG fibres 
in the  hypothyroid TFL m uscle as observed.
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Plate 8 .3 : Photographs of seria l sections cu t from  hypothyroid  TFL 
m uscles. Scale b a r represents 50 pm.
a) SDH sta in
b) Acid pre-incubated ATPase sta in
c) ATPase sta in  (neutral fixation)
FG (Fast Glycolytic) fibres s ta in  lightly, lightly and  m oderately, 
w hereas FOG (Fast Oxidative Glycolytic) fibres s ta in  intensely, lightly 
and  intensely for the  SDH, acid pre-incubated and neu trally  fixed sta in s 
respectively.
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COMPARISON OF ATPase ACTIVITY WITH FIBRE POPULATIONS
Plotting the  (Mg2+ activated Ca2+ regulated) m yofibrillar ATPase 
activity against the  percentage of FOG fibres in  a  m uscle reveals (Fig.
8.2), th a t for the soleus, there are two d istinct groups representing  the 
hyper- and  hypothyroid m uscles, i.e., the  myofibrillar ATPase activity is 
h igher in  m uscles from the hyperthyroid  group w hich also contain  a  
larger percentage of FOG fibres, w hereas the myofibrillar ATPase activity 
is lower in m uscles from the hypothyroid group, which contain  a sm aller 
percentage of FOG fibres. However, w ithin each group, there  doesn 't 
seem  to be a  strong correlation of myofibrillar ATPase activity w ith the 
percentage of FOG fibres. And there  isn 't a  strong  correlation of these 
two param eters even w hen the  two groups are combined.
Fig. 8 .2: Plot of Mg2+ activated Ca2+ regulated myofibrillar ATPase activity vs. percentage 
of FOG fibres for hyper- (■) and hypothyroid soleus (°) m uscles and for hyper- ( ^) and 
hypothyroid TFL (&) muscles.
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For TFL m uscles, a lthough  there  are two d is tin c t g roups, the 
overlap betw een them  is m uch  g rea ter th a n  the  two so leus m uscle 
groups. This is consisten t w ith the  evidence th a t slow m uscles are more 
sensitive to thyroid  horm one levels th a n  fast m uscles (e.g., Nwoye & 
Mommaerts, 1981).
The myofibrillar ATPase activity is higher in TFL m uscles from the 
hyperthyroid group, w hich contain a lower percentage of FOG fibres b u t 
a  h igher percentage of FG fibres (muscles containing prim arily FG fibres 
have been  show n to be have h igher myofibrillar ATPase activity th an  
m uscles containing prim arily FOG fibres e.g., Fitzsim ons et al., 1990), 
w hereas the  m yofibrillar A TPase activity is lower in m uscles from the 
hypothyroid group, which contain a  higher percentage of FOG fibres and 
consequently a  lower percentage of FG fibres. However a s  w ith the soleus 
m uscle groups, there is no strong correlation (within each group or w hen 
th e  two groups are combined) of m yofibrillar ATPase activity w ith the 
percentage of FOG fibres.
Although no strong correlation of myofibrillar ATPase activity w ith 
the  percentage of FOG fibres exists w ithin either of the  four groups, th is 
could be a  consequence of the low num ber of observations, b u t the more 
likely explanation is th a t  a  sim ple correlation probably does no t exist 
be tw een  th e  b iochem ically  d e te rm in ed  ATPase reac tio n  and  the  
histochem ically determ ined ATPase reaction, as reflected by an  increased 
num ber of fast fibres.
It is possible th a t  thyroid horm one levels m ay induce changes in 
the  contractile proteins which do not show up  histochem ically. For, it is 
know n th a t  the  h istochem ical A TPase reaction  is determ ined by the  
p redom inan t MHC (Staron & Pette, 1987a, b) and  th u s  light chains 
w hich are know n to change w ith dysthyreosis (e.g.. Fitzsim ons e t al..
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1990) have no effect on the  histochem ically determ ined ATPase reaction. 
W hereas, it is possible th a t these  changes in light chains m odulate the 
biochem ically determ ined ATPase reaction. In th is respect, it h a s  been 
show n th a t a  50% reduction in  the  MLC2 f content of a  m uscle reduces 
the actomyosin ATPase activity by 15-20%. (Moss et al., 1982)
Therefore, giving rise  to the  possibility  th a t  the  biochem ically 
determ ined  A TPase reaction  can  be m odulated independen tly  of the  
h istochem ically  determ ined A TPase reaction, (cf. w ith increase in  Vmax 
w ithout a  change in the fibre phenotype as determ ined histochemically)
However, it m u s t be borne in  m ind th a t  on a general b asis  an  
increase in the histochem ically determ ined ATPase reaction, reflected by 
an  increased percentage of fast fibres, leads to a general increase in the 
biochem ically determ ined ATPase reaction as is seen w hen the average 
myofibrillar ATPase activity is plotted against the average percentage of 
fas t fibres i.e., FOG fibres in the  soleus and FG fibres in the TFL (Fig
8.3). It show s a very strong  correlation of the  two param eters w ith a 
correlation coefficient of 0.991 and  a  slope of 4.13 x  10-3.
T hus, th is suggests th a t, a lthough the correlation of biochemically 
determ ined ATPase reaction w ith the  histochem ically determ ined ATPase 
reaction  m ight no t be ap p aren t on an  individual basis, th is  correlation 
betw een the two param eters exists a t the group level.
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Fi^. 8 .3: Plot of the average Mg2+ activated Ca2+ regulated myofibrillar ATPase activity vs. 
average percentage of fast fibres for hyper- (■) and hypothyroid soleus (°)  m uscles and 
for hyper- ( ^) and hypothyroid TFL (^) m uscles. The correlation coefficient, r, is 0,991. 
Values are mean ± SEM. Each point represents data from between 4 and 6 animals.
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CONCLUSIONS
The m ain  finding  of th is  p ro jec t h a s  b een  th a t  sign ifican t 
d ifferences in  m axim al isom etric  ten s io n , m ax im um  velocity  of 
shorten ing  and T /pC a  relationships of single sldnned fibres from mildly 
hypo- and hyperthyroid ra ts  have been observed. Moreover, these changes 
have been  observed in the  sam e fibre type as identified histochemically. 
Furtherm ore, these  changes occurred to a  sim ilar ex ten t in  bo th  the 
soleus and TFL m uscle fibres.
The increased m axim al isom etric tension and decreased m axim um  
velocity  of sh o rte n in g  of hypo thy ro id  fib res in  co m p ariso n  to 
hyperthyroid  fibres resem bles the  p a tte rn  observed w hen com paring 
euthyroid soleus fibres w ith euthyroid TFL fibres. Moreover, the observed 
right h an d  shift in  the T /p C a  relationship of hyperthyroid soleus m uscle 
fibres w ith respect to hypothyroid soleus m uscle fibres resem bles the  
reported (e.g. Danieli-Betto et al., 1990) right hand  sh ift of fast m uscle 
fibres w ith respect to slow m uscle fibres, along with o ther characteristics 
su ch  as the steepness of the  T /pC a  relationship.
Therefore, a  ten tative hypothesis based  on these  re su lts  is th a t 
mild hypo- and hyperthyroidism  changes the dynamic equilibrium  of the 
regu latory  and  contractile  p ro teins from slow to fas t in  the  direction 
hypo- to hyperthyroid and from fast to slow in the  direction hyper- to 
hypothyroid. More specifically it is suggested th a t different isoform s of 
m yosin light chains are m ainly responsible for the  changes in m axim al 
isom etric  ten s io n  an d  m axim um  velocity of shorten ing , since th ese  
changes occurred in the sam e type of fibre as identified histochemically.
F u rth e r  evidence for th is  hypo thesis com es from  experim ents 
undertaken  in conditions of acidic pH and increased inorganic phosphate 
concentration.
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In conditions of acidic pH (pH 6 .6 ), the  resu lts  in com parison to 
n eu tra l pH for hypo- and  hyperthyroid fibres were generally consisten t 
w ith those reported (e.g. Fablato & Fabiato, 1978; Cooke et al., 1988) in 
eu thyro id  fibres, i.e. a  decrease in  m axim al isom etric  ten s io n  and 
m axim um  velocity of shortening, and  a shift to the  righ t for the  T /pC a  
relationship.
Similarly, a t increased inorganic phosphate  concentration (7.5mM 
Pi) th e  resu lts  in com parison to norm al conditions (i.e. OmM) for hypo- 
and  hyperthyroid fibres were generally consisten t w ith those reported 
(e.g. B rand t et al., 1982; Cooke et al., 1988) in  euthyroid fibres, i.e. a  
decrease in  m axim al isom etric tension, a shift to the  right for the T /pC a  
relationship and an  unchanged m axim um  velocity of shortening.
Thus, these resu lts  in  conditions mimicking fatigue are consistent 
w ith  a  change in  the  dynam ic equilib rium  of th e  regu la to ry  and  
contractile proteins.
An in te resting  re su lt w as th e  effect of su p ra  m axim al calcium  
concentrations to reduce m axim al isom etric tension  of bo th  soleus and  
TFL m uscle  fibres in  th e  p resen ce  of e ith er inorgan ic  p h o sp h a te  
concentration (7.5mM) or reduced pH (pH 6 .6 ). This effect of calcium was 
probably unm asked  due to the  effect of dysthyreosis and  it m ay u se  a 
m echanism  (most probably  by decreasing the n u m b er of active cross 
bridges) in  the  fibre to show  th a t  fu rth er activity will lead to fibre 
dam age. A decrease due to su p ra  m axim al calcium  concentra tions a t 
acidic pH -  to a  lesse r ex ten t -  h a s  been  reported  in  card iac cells 
(Fabiato & Fabiato, 1976; Godt & Nosek, 1989) b u t no t in m uscle fibres.
On the  whole m uscle level, myofibrillar ATPase activity w as found 
to be higher in hyper- as opposed to hypothyroid m uscles irrespective of 
m usc le  type. It w as also found  th a t  a t th e  group  level a  h igher 
m yofibrillar ATPase activity in  hyperthyroid so leus m uscles correlated
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w ith a  g reater percentage of FOG fibres, w hilst a  h igher myofibrillar 
ATPase activity in hyperthyroid TFL m uscles correlated w ith a g reater 
p e rc en ta g e  of FG fib res  in  co m p ariso n  w ith  th e  hypo thy ro id  
counterparts.
Moreover, the resu lts  of myofibrillar ATPase activity correlate well 
w ith  the  m axim um  velocity of shorten ing  values obtained a t the single 
fibre level. This suggests th a t the relationship betw een m axim um  velocity 
of shortening and  myofibrillar ATPase activity holds in anim als w hich are 
hypo- or hyperthyroid.
As an  hypothesis, it is proposed th a t w ith in  th e  th ree  b road  
categories of fibre types as identified histochem ically a  continuum  exists 
(due to the  m any possible com binations of the different isoforms of the 
p ro te in s  of th e  co n tra c tile  an d  th e  reg u la to ry  a p p a ra tu s )  and  
dysthyreosis changes the  dynam ic equilibrium  of th is  continuum  which 
is reversible since it is know n th a t  the euthyroid s ta te  can be restored 
easily  from bo th  s ta te s  (Ramsay, 1974) and  due to the  p lasticity  of 
m uscle (Fig 9.1.).
Fig. 9 .1 : A possible mechanism of change induced by hyper- or hypothyroid treatment.
^ 8 0 —^ ►FOG^ *— ► FG^
No m atter w hat the fibre type e.g., w hether it is betw een the SO or 
FOG type, it  will sh ift to th e  left in  th e  hypothyroid s ta te  and  to the  
right in  the hyperthyroid state, th u s  changing the  contractile function of 
th e  fibre accordingly. Obviously, if the  fibre is a t one extrem e th en  
fu rth er change in  th a t  sam e direction is lim ited, by the  sam e token 
change in  the  o ther direction is m uch  greater. As to w here a  fibre lies 
along th e  co n tin u u m  depends on its  com position w ith  regard s to 
contractile and regulatory proteins.
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One possib le  m ech an ism  to explain  th e  change  seen  w ith  
dysthyreosis is th a t  the  genetic b asis  for the  control of the  different 
p roteins involved in deciding w here along th is con tinuum  a fibre will lie 
is shared . It is logical th a t a  selective advantage m ight be gained from a 
co-ordinated control of regulatory and contractile proteins. Evidence for 
co-ordinated expression of m yosin light chains and troponin  sub u n its  in 
avian skeletal m uscle h as been reported (Mikawa et al., 1981).
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